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Abstract 

World's energy demand has been increasing constantly with increasing in 

population and better life standard that resulted in the more use of energy in form of oil, 

coal and petroleum gas. This is causing depletion of natural fossil fuel reserves that result 

in increase of crude oil prices as well as emission of green house gasses. Bioethanol is one 
of the promising unconventional sources of bioenergy that can be produced from 

agricultural and other feedstocks including plant material, crop residue and industrial 

lignocellulosic waste 

Kans grass (Saccharurn sponteneum), a variety of switch-  grass is a perennial energy 

crop growing in waste land and has good potential to be used for energy production. Kans 

grass grows fast, does not require any maintenance and once planted it can supply biomass 

through out the year. Therefore, in the present study efforts were made to utilize Kans 

grass biomass for ethanol production by using different steps including pretreatment, 

hydrolysis and fermentation. Two pretreatment procedures: dilute acid and alkali were 

utilized for hemicellulosic sugars as well as lignin removal respectively. An effort was also 

done for the crude cellulase enzyme production from Trichoderma reesei and it was further 

used for the depolymerization of total reducing sugars of pretreated Kans grass biomass. 

The solubilized sugars obtained after acid pretreatment as well as enzymatic hydrolysis 

were further used for the ethanol production by Pichia stipitis as well as Saccharomyces 

cerevisiae. An adaptive strain to toxic compounds was also developed. 

Kans grass, a novel substrate, was evaluated for composition analysis such as 

holocellulose, lignin, ash, moisture and other contents. A high holocellulose (cellulose and 

hemicellulose together) content (64.73%) make it suitable to utilize as sugars source The 

Moisture and ash content of Kans grass biomass were calculated to be 4.70±0.55 and 

2.10±0.2% respectively while lignin content was estimated as 25.15±0.55%. The other 

components were found to be 3.32±0.25 % which may contain different extractives such as 

proteins and /or fatty acids. Hence Kans grass may be used as a potential substrate due to 

its availability throughout the year with out making burden on the food land. 

Kans grass (5% w/v) was treated with different concentrations of .H2SO4 (0.5-2% 

v/v) at moderate temperatures (100-120°C) for various length of reaction time (30-120 

minutes). The total reducing sugars concentration in liquid residue was found to be in the 

range of 2.60-8.15 g/1 at 100°C. When the pretreatment temperature was increased to 

120°C the total reducing sugars concentration was also enhanced and was found to be in 
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the range of 7.23-11.66 g/l. Different toxic compounds (furfural and acetic acid) 

concentrations were also determined (which may inhibit the microbial growth during 

fermentation) in acid hydrolysate which were observed to be in the range of 1.17-2.34 and 

0.12-1.8 g/1 for furfural and acetic acid respectively at all pretreatment conditions. This 

range of toxic compounds were minimized to 0.32-1.23 g/l (furfural) and 0.05-0.87 g/1 

(acetic acid) after detoxification process by using Ca(OH)2. 

Pre-treatment condition corresponding to 2% H2SO4 concentration at 120°C and 

reaction time of 90 minutes was found to be the optimum condition that gives maximum 

total reducing sugar (TRS) concentration (11.66 g/1) in the acid-hydrolysate. However the 

sugar yield% was observed to be 17.2%. The Kans grass biomass after acid pretreatment 

was also analyzed for composition change as well as configurational change (SEM 

analysis). Further this hydrolysate which is composed of mixture of sugars (majorly 

pentose) was utilized as carbon source for hexose as well as pentose utilizing yeast to 

produce ethanol. 

NaOH pretreatment of Kans grass (5% w/v) was carried out with low 

concentrations of NaOH (0.5- 2%) for different duration of time (30-120°C) at variable 

temperatures (100-120). At 120°C this range of lignin removal was observed to be 14.25-

79.30%. It was also observed that at 120°C with -reaction time of 120 minutes for all 

concentrations of NaOH (0.5-2%), more than 70% (70.13-73.23%) delignification was 

observed. The maximum lignin removal (79.31%) was observed at 90 minutes of duration 

at 120°C with 2% NaOH. In comparison of the H2SO4 pretreatment, NaOH assisted 

pretreatment was found to be more effective in terms of removal of the lignin which was 

observed to be 79.3 1 %, however it was .found to be 28.03% after H2SO4  pretreatment. 

Thus, NaOH pretreatment favors more lignin removal whereas H2SO4  pretreatment may be 

more suitable for hemicellulosic sugars liberation. In . some studies including sorghum 

straw and cotton stalks 65-77% of lignin removal was observed with NaOH pretreatment. 

Hence, NaOH pretreatment with Kans grass improved the delignification. 

T reesei (NCIM 1052) was used for CMCase production with different carbon 

sources (cellulose, glucose, lactose and xylose), pH (4, 5 and 6), and temperatures (25, 28 

and 30°C) and for variable duration of time (0-8 days). 28°C was found to be the optimum 

temperature with for maximum CMCase production (1.46 U/ml) with cellulose as substrate 

at pH 5. This crude preparation of enzymes also composed of xylanase (6.6 U/ml) activity 

with total cellulase activity of 1.14 U/ml. 

Saccharification of H2SO4  treated biomass with 20 FPU/gdb crude enzymes was 

studied with the biomass loading of 1, 2, 2.5, 5 and 6% (w/v) in 0.05 M citrate buffer at 
ii . 



50°C. The best condition for saccharification was observed at 2% biomass (dilute acid 

pretreated) loading after 84 hours with 69.08 mg/gdb TRS formation. The maximum 

recovery of xylose sugars (14.13 mg/gdb) was also observed at 2% biomass loading. When 

same experiment was conducted with pure (commercial) cellulase preparation on acid 

pretreated biomass (20 FPU/gdb with biomass loading in the range of (1-6%) the TRS 

released was found to be maximum at 2% biomass loading (TRS, 63.21 mg/gdb). When 

untreated biomass (prior to acid treatment) was directly treated with enzyme preparation, 

the corresponding maximum TRS released was found to be 34.67 and 31.82 mg/gdb under 

same condition with crude and pure enzyme respectively with negligible amount of xylose 

released. It was observed that TRS released for untreated biomass was found to be much 

less as compared to acid pretreated biomass, that may be due to presence of lignin 

component in untreated biomass which acts as obstacle in enzymatic action, however this 

lignin was observed to be minimized after H2SO4 pretreatment and that resulted 

comparatively more TRS after enzymatic hydrolysis. 

As NaOH pretreatment of Kans grass biomass, at 120°C (all NaOH concentration 

and residence time) resulted in removal of more than approximately 50% of lignin, hence 

NaOH pretreated biomass from these conditions were utilized for further saccharification 

with 20 FPU/ gdb of crude enzyme mixture (derived from T. reesei with 1.14 FPU total 

cellulase activity, 1.46 U/ml of CMCase and 6.6 U/ml of xylanase activity) in citrate buffer 

for 96 hours released 350mg/gdb (63% w/w) TRS under 5% biomass loading for NaOH 

pretreated biomass (0.5% for 120 minutes). Hence, in comparison of dilute H2SO4 

pretreatment, NaOH pretreated biomass was observed to be more efficient for enzymatic 

hydrolysis. 

An adaptive strain of P. stipitis was developed, adapted against inhibitors by 

sequentially transferring and growing the cell in the ' media containing ' increase 

concentration of non detoxified acid hydrolysate (20, 40, 60. and 80%) with 

supplementation of other media components. An adaptive strain that tolerated 60% non 

detoxified acid hydrolysate showed better ethanol yield (0.28 g/g) as comparison to wild 

strain (0.23 g/g) in detoxified acid hydrolysate media. The hydrolysate (11.66 g/1) obtained 

after optimized condition of dilute acid pretreatment was evaluated for the bioethanol 

production by increasing the sugars concentration to 60 and 90 g/l using adaptive P. stipitis. 

At 60 g/l the maximum ethanol yield was found to be 0.41 g/g after 72 hours whereas at 90 

g/1 it was 0.38 for same duration of time. 

The sugars hydrolysate obtained after enzymatic hydrolysis (with- crude enzyme) of 

dilute acid pretreated biomass was supplied for fermentation by S. cerevisiae and P. stipitis, 
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the ethanol yield was found to be 0.46 g/g and 0.43 g/g respectively after 28 hours. An 

ethanol yield of 0.44 g/g was also observed after 24 hours when hydrolysate obtained (after 

enzymatic hydrolysis) from NaOH pretreated biomass was fermented by using P. stipitis. 

Additionally, after fermentation with S. cerevisiae the ethanol yield was observed to be 

0.38 g/g after 32 hours. This yield is comparable to the other studies carried out with 

bioethanol formation. 

From the above study it can be concluded that Kans grass biomass which is a 

weedy plant, may be used as substrate for renewable energy production due to higher 

carbohydrate content. Dilute H2SO4 pretreatment of Kans grass biomass is more favourable 

for liberation of maximum soluble - sugars. An improved delignification was observed 

during NaOH pretreatment and after enzymatic saccharification it resulted the liberation of 

more sugars in comparison of dilute H2SO4 pretreated biomass. Further, crude cellulase 

enzyme produced from T. reesei in present study is equally efficient that of commercial 

enzyme. As enzyme production cost contributes 40% of total cost of bioethanol synthesis 

process. This higher cost may be due to involved enzyme purification steps. Thus, 

utilization of crude enzyme (as produced in the present study) may cut down this cost in 

some extend. A toxic compound tolerate strain was also developed which showed much 

improved bioethanol yield as well as shorter fermentation of time in comparison .to that of 

wild strain. 

iv 



Acknowledgements 

This thesis arose in part out of years of research that has been done since I joined 

department of biotechnology, IIT Roorkee. By that time, I have worked with a great number 

of people whose contribution in assorted ways to the research and the making of the thesis 

deserved special mention. It is a pleasure to convey my gratitude to them all in my humble 

acknowledgment. 

Firstly, I must extend my respect, appreciation and heartfelt gratitude to my 

mentor, Dr. Sanjoy Ghosh for his valuable guidance, constructive criticisms, genuine 

assistance, and encouragement given to me throughout the study. I sincerely thank him for 

his precious help and advice on my professional and personal development. I have benefited 

from his keen insights and enjoyed the freedom of thinking during my research. His truly 

scientist intuition has made him as a constant oasis of ideas and passions in science, which 

exceptionally inspire and enrich my growth as a student, a researcher and a scientist want 

to be. I am indebted to him more than he knows. 

I gratefully acknowledge DRC chairman Professor G.S.Randhawa, thesis advisory 

committee members Dr.Bijan Choudhury, Assistant professor, department of 

biotechnology and Dr. C.B .Majumder, associate professor, department of chemical 

engineering for their time, suggestions, and support. I thank them for carefully reviewing 

my dissertation and giving important comments. I also show gratitude to head of the 

department Professor Ritu Barthwal as well as working head Professor R.P.Singh for 

providing the good working environment. I great fully thank to Ms. Sushi for the 

providing me theoretical knowledge during the course wok in department of chemical 

engineering. I also thanks to MHRD and IIT Roorkee for providing me assessment ship as 

well as research grant for my PHD project. 

My deepest appreciation is given for those who have helped me during my 

experimental works. To Mr. Saini (IISC) for SEM analysis also, always ready to help me 

for samples preparation and advised me about analytical method. To Ms. Surita sharma for 

providing me the technical support in Gas chromatography. To technical as well as office 

staff including Mr.V.P.Saini, Ms.shashi Prabha, Mr.Jain for their co-operation and 

chemical supplier Mr. Vikas for providing the all the necessary items on the time at very 

short notice. 



I wish to express thanks to all my Lab members of Biochemical engineering 

laboratory Gaurav, Pawan, Lalit, Sidharth, Shilpi and Meenu for the generosity they have 

shown with cooperation. 

My PhD period in Department of biotechnology is one of the best times in my life, 

and I would like to thank my colleague Rohit, Richa, Nidhi goyal, Vijay, Nidhi Rawat, 

Neelam, Amit, Vishnu, Asif, Grijesh who have shared it with me. Their gentle help and 

friendship makes this journey enjoyable and unforgettable. 

A few relations remain intact in spite of miles of distances; special credit must go to 

my dear friends around the globe Ruchika, Sandeep, Arun, Mahak, Anjali and Arun 

Kumar for their unconditional support in my hard as well as good time and always with 

me when I need those most. 

I also would like to thank all the people whose names I did not include here, but 

they provided me with the necessary help and made it possible for me to write this thesis. 

Finally, my parents and my siblings deserve special mention here. I am greatly 

indebted to my parents and my brothers Rohit and Rahul. As without their consistent love, 

encouragement, understanding and support I would not have been able to accomplish this 

dissertation. 

At last I thank to God for giving me strength to achieve my goals and never broke 

my faith to fill fill my dreams. 

Rashmi 

V1 



List of figures 

Figure No. Description 	 Page No. 

Fig. 2.1 Carbon cycle for fossile fuel and biofuel ..................................... 7 

Fig. 2.2 Cellulose, hemicellulose and lignin content in common agricultural 

residues and wastes .............................................................. 10 

Fig. 2.3 Conversion of lignocellulosic biomass to ethanol ............................ 12 

Fig. 2.4 Structure of cellulose with polymeric arrangement of glucose molecule 13 

Fig. 2.5 Structure of hemicellulose .........................:............................ 14 

Fig. 2.6 A typical structure of Lignin ................................................... 15 

Fig. 2.7 Effect of pretreatment on lignocellulosic material ........................... 16 

Fig.2 .8 Formation of furfural after xylose degradation .............................. 25 

Fig. 2.9 Degradation of glucose to formic acid and levulinic acid .................. 26 

Fig. 3.1 Kans grass (Saccharum spontaneum) ......................................... 41 

Fig. 3.2 Size reduction of Kans grass (a) Kans grass (b) Kans grass after 

washing and size 	reduction 	.................................................. 42 

Fig. 3.3 The over all scheme of Bioethanol production from Kans grass 

biomass............................................................................ 43 

Fig. 4.1 Total reducing sugars formation (g/1) when 5% (w/v) biomass was 

pretreated with H2SO4 (0.5, 1, 1.5 and 2%) for different durations (30, 

60, 90 and 120 minutes) at temperature (100,110 and 120°C)............ 60 

Fig. 4.2 Xylose formation (g/1) when 5% (w/v) biomass was pretreated with 

H2SO4 (0.5, 1, 1.5 and 2%) for different durations (30, 60, 90 and 120 

minutes) at temperature (100,110 and 120°C) 60 

Fig. 4.3 Arabinose formation (g/1) when 5% (w/v) biomass was pretreated with 

H2SO4 (0.5, 1, 1.5 and 2%) for different durations (30, 60, 90 and 120 

minutes) at temperature (100,110 and 120°C) ............................... 61 

Fig. 4.4 Glucose formation (g/1) when 5% (w/v) biomass was pretreated with 

H2SO4 (0.5, 1, 1.5 and 2%) for different durations (30, 60, 90 and 120 

minutes) at temperature (100,110 and 120°C) ............................... 61 

Fig. 4.5 Comparison in composition of Kans grass biomass before and after 

dilute acid pretreatment (2% H2SO4 at 120°C for 90 minutes)............ 66 

yii 



Fig. 4.6 	Physical appearance of Kans grass biomass (a) before pretreatment (b) 
after dilute acid pretreatment (2% H2SO4 at. 120°C for 90 minutes)...... 67 

Fig. 4.7 	Configuration of Kans grass biomass observed under Scanning 

electron microscope (SEM) (a) Before pretreatment (b) After 

pretreatment with 2% H2SO4 with 90 minutes of residence time at 
120°C .............................................................................. 	68 

Fig. 4.8 Concentration of total reducing . sugars and xylose liberated during. 
NaOH pretreatment with different NaOH concentrations (0.5, 1, 1.5 
and 2%) and residence time durations (30, 60, 90 and 120 minutes) at 
100°C ................................................................................ 75 

Fig. 4.9 Concentration of total reducing sugars and xylose liberated during 
NaOH pretreatment with different NaOH 	concentrations (0.5, 1, 1.5 
and 2%) and residence time durations (30, 60, 90 and 120 minutes) at 
110°C .............................................................................. 75 

Fig. 4.10 Concentration of total reducing sugars and xylose liberated during 

NaOH pretreatment with different NaOH concentrations (0.5, 1, 1.5 
and 2%) and residence time durations (30, 60, 90 and 120 minutes) at 
120°C .............................................................................. 76 

Fig. 4.11 Comparison in composition of Kans grass biomass before and after 

dilute NaOH pretreatment (2% NaOH for 90 min and at 120°C)......... 77 
Fig. 4.12 Physical appearance of Kans grass biomass (a) before pretreatment (b) 

after pretreatment with 2% NaOH with 90 minutes of residence time... 78 
Fig. 4.13 Configuration of Kans grass biomass observed under Scanning 

electron 	microscope 	(SEM) 	(a) 	Before 	treatment 	(b) 	After 
pretreatment with 2% NaOH with 90 minutes of residence time......... 79 

Fig. 4.14 CMCase activity at 25°C with different carbon sources (cellulose, 

glucose, lactose and xylose) at different pH (a) 4 (b) 5 and (c) 6......... 82 
Fig. 4.15 CMCase activity at 28°C with different carbon sources (cellulose, 

glucose, lactose and xylose) at different pH (a) 4 (b) 5 and (c) 6......... 83 

Fig. 4.16 CMCase activity at 30°C with different carbon sources (cellulose, 

glucose, lactose and xylose) at different pH (a) 4 (b) 5 and (c) 6......... 84 

Fig. 4.17 Enzymatic saccharification of H2SO4 pretreated Kans grass with (a) 

crude enzyme (b) pure enzyme and formation of Total- reducing sugars 

(TRS) and xylose ................................................................. 8 8 

viii 



Fig. 4.18 	Enzymatic saccharification untreated (original) Kans grass with (a) 

crude enzyme (b) pure enzyme and formation of Total reducing sugars 

(TRS) and xylose ................................................................. 	89 

Fig. 4.19 	Compositional change in Kans grass biomass before pretreatment, after 

dilute H2SO4 pretreatment and enzymatic saccharification ................ 90 

Fig.4.20(a) Configuration of Kans grass biomass (original) before pretreatment..... 91 

Configuration change in Kans grass biomass after diluteacid (H2SO4) 

Fig.4.20(b) pretreatment (with 2% H2SO4 with 90 minutes of residence time at 

120°C) .............................................................................. 	91 

Fig.4.20(c) Configuration change in Kans grass biomass after dilute acid (H2SO4) 

pretreatment (with 2% H2SO4 with 90 minutes of residence time at 

120°C) and enzymatic saccharification (2% biomass loading, with 20 

FPU/gdb of crude enzymes at 50°C for 96 minutes) ........................ 92 

Fig.4.21(a) Enzymatic saccharification of 0.5% (w/v) NaOH pretreated Kans grass 

biomass (pretreated at 120°C for different duration) with crude 

cellulase (20 FPU/gdb) for different biomass loadings (2, 4, 5 and 6%). 97 

Fig.4.21(b) Enzymatic saccharification of 1 % (w/v) NaOH pretreated Kans grass 

biomass (pretreated at 	120°C for different duration) with crude 

cellulase (20 FPU/gdb) for different biomass loadings (2, 4, 5 and 6% 

w/v) 	................................................................................ 97 

Fig. 4.21(c) Enzymatic saccharification of 1.5% (w/v) NaOH pretreated Kans grass 

biomass (pretreated at 	120°C for different duration) with crude 

cellulase (20 FPU/gdb) for different biomass loadings (2, 4, 5 and 6% 

w/v) ......................... 	. 	" 	................................................. 98 

Fig.4.21(d) Enzymatic saccharification of 0.5% (w/v) NaOH pretreated Kans grass 

biomass (pretreated at 	120°C for different duration) with crude 

cellulase (20 FPU/gdb) for different biomass loadings (2, 4, 5 and 6% 

w/v) ................................................................................. 98 

Fig. 4.22 Conversion of holocellulose (%) to total reducing sugars after crude 

enzymatic saccharification of NaOH pretreated Kans grass with 

different concentration of NaOH (0.5, 	1, 	1.5 and 2% w/v) at 

pretreatment residence time 120 minutes ..................................... 99 

Fig.4.23(a) Configuration of Kans grass biomass before NaOH pretreatment 

(Original biomass) ............................................................... 1 00 



Fig.4.23(b) Configuration change in Kans grass biomass after NaOH pretreatment 

(with 0.5 % NaOH with 120 minutes of residence time at 120°C)........100 

Fig.4.23(c) Configuration change in Kans grass biomass after alkali pretreatment 

(with 2% NaOH at 120°C for 90 minutes) and enzymatic 

saccharification (2% biomass loading, with 20 FPU/gdb of crude 

enzymes at 50°C for 96 minutes) .............................................. 	101 

Fig. 4.24 	Compositional change in Kans grass biomass before pretreatment, after 

dilute NaOH pretreatment and enzymatic saccharification with crude 

cellulase........................................................................... 1 02 

Fig. 4.25 A comparison in untreated, dilute H2SO4  and NaOH pretreated 

biomass treated with crude enzyme ......................................... 102 

Fig. 4.26 Toxic compounds present before and after detoxification of acid 

hydrolysate (11.66g/1). The detoxification resulted in the reduction of 

the furfural and acetic acid concentration to 1.21 and 0.32 respectively. 107 

Fig. 4.27 Growth 	pattern 	of P. 	stipitis 	in 	hydrolysate 	media 	different 

concentration of untreated acid hydrolysate (0, 20, 40, 60 and 80%)..... 107 

Fig.4.28(a) Fermentation profile of wild strain of P. stipitis in detoxified acid 

hydrolysate (DAH) media ...................................................... 108 

Fig.4.28(b) Fermentation profile of wild strain of P. stipitis in synthetic media...... 108 

Fig.4.28(c) Fermentation profile of wild strain of P. stipitis in neutralised media.... 109 

Fig.4.29(a) Fermentation profile of `adaptive strain' of P. stipitis in detoxified acid 

hydrolysate (DAH) media ...................................................... 109 

ig. 4.29(b) Fermentation profile of `adaptive strain' of P. stipitis in synthetic 

media.............................................................................. 1 1 0 

Fig.4.29(c) Fermentation profile of adaptive - strain' of P. stipitis in neutralised 

media............................................................................... 1 1 0 

Fig. 4.30 Toxic compounds, Acetic acid and furfural concentration before and 

after detoxification in (a) 60 g/l of acid hydrolysate (b) 90 g/l acid 

hydrolysate........................................................................ 1 1 4 

Fig. 4.31 Fermentation profile of adaptive strain (a) hydrolysate (60 g/1) (b) 

synthetic media (60 g/1)............ ............................................. 115 

Fig. 4.32 Fermentation profile of adaptive P. stipitis (a) hydrolysate (90 g/1) (b) 

synthetic media (90 g/1)................. .................................... 116 

Fig. 4.33 A comparison in ethanol yield (Yp) in different concentration of Total 

reducing sugars (11.66, 60 and 90.50g/1) ..................................... 117 

x 



Fig. 4.34 	Fermentation profiles of adaptive P. stipitis in (a) hydrolysate obtained 

after enzymatic hydrolysis of acid pretreated Kans grass biomass (b) 

synthetic media ................................................................... 	1 22 

Fig. 4.35 	Fermentation profiles of S. cerevisiae in (a) hydrolysate obtained after 

enzymatic hydrolysis of acid pretreated Kans grass biomass) synthetic 

media.............................................................................. 	1 23 

Fig. 4.36 	A comparison in maximum ethanol yield (Yp/s) during ethanol 

fermentation by Pichia stipitis and S. cerevisiae in Crude 

enzymatically saccharified Kans grass biomass (dilute H2SO4  

pretreated) hydrolysate and synthetic media ................................. 	124 

Fig. 4.37 	Fermentation profiles of (a) P. stipitis and (b) S. cerevisiae in 

hydrolysate obtained after enzymatic hydrolysis of dilute NaOH 

pretreated Kans grass biomass.. ............................................... 	1 24 



List of Tables 

Table No. 	 Description 	 Page No. 

Table 2.1 The major Bioethanol producers in the world ..................................... 6 
Table 2.2 The physicochemical properties of some oxygenated high-octane 

additives to gasoline ................................................................ 8 
Table 2.3 Distribution 	of 	cellulose, 	hemicellulose, 	and 	lignin 	in 	different 

Lignocellulosic materials .......................................... 	............... 11 
Table 2.4 Different pretreatment methods ................................................... 23 
Table 2.5 Bioethanol production by different microorganisms ........................... 37 
Table 4.1 Composition of Kans grass ........................................................ 55 
Table 4.2 Composition (% dry basis) of different switchgrass varieties ................. 55 
Table 4.3 Inhibitors (Furfural and Acetic acid) concentrations in acid hydrolysate 

after neutralization and detoxification, produced after acid pretreatment at 
100°C ................................................................................. 62 

Table 4.4 Inhibitors (Furfural and Acetic acid) concentrations in acid hydrolysate 
after neutralization and detoxification, produced after acid pretreatment at 
110°C ................................................................................. 63 

Table 4.5 Inhibitors (Furfural and Acetic acid) concentrations in acid hydrolysate 
after neutralization and detoxification, produced after acid pretreatment at 
120°C ...........................:..................................................... 64 

Table 4.6 Composition of Sugars in dilute acid hydrolysate obtained after optimized 
condition............................................................................. 62 

Table 4.7 Total lignin removal as well as total residual solid and holocellulose 
remained 	after 	dilute 	NaOH 	pretreatment 	with 	different 	NaOH 
concentration (0.5, 1, 1.5 and 2%) and time (30, 60, 90. and 120 minutes) 
at100°C .............................................................................. 71 

Table 4.8 Total lignin removal as well as total residual solid and holocellulose 
remained 	after 	dilute 	NaOH 	pretreatment 	with 	different 	NaOH 
concentration (0.5, 1, 1.5 and 2%) and time (30, 60, 90 and 120 minutes) 
at110°C .............................................................................. 72 

xii 



Table 4.9 Total lignin removal as well as total residual solid and holocellulose 

remained after dilute NaOH pretreatment with different NaOH 

concentration (0.5, 1, 1.5 & 2%) and time (30, 60, 90 &120 min) at 

1 20°C ...................................................................:............. 73 

Table 4.10 A comparison of composition in original, dilute H2SO4  pretreated and 

NaOH pretreated Kans grass biomass ............................................ 80 

Table 4.11 CMCase production at different temperatures, pH and carbon source/ 

substrates......................................................:...................... 8 5 

.Table 4.12 Composition of dilute acid (H2SO4) hydrolysate of Kans grass biomass 

after optimization for maximum sugars formation ............................. 106 

Table 4.13 Comparative table of different fermentation parameter for wild (W) and 

adaptive (A) strain in detoxified acid hydrolysate (DAH), synthetic and 

neutralisedmedia ................................................................... 1 1 1 

Table 4.14 Sugars composition in acid hydrolysate with . of 60 and 90.50 g/l total 

reducing sugars (TRS) ............................................................. 113 

Table 4.15 Comparative table of different fermentation parameter for P.stipitis in 

detoxified 	acid 	hydrolysate 	(DAH) 	and 	synthetic 	media 	with 

concentration of 60 and 90 g/1 ..................................................... 118 

Table 4.16 Ethanol productions from acid hydrolysate of various lignocellulosic 

materials by different researchers ................................................ 1 1 9 

Table 4.17 Fermentation by S. cerevisiae and P. stipitis in sugar hydrolysate 

obtained after H2SO4 and crude enzyme treated biomass ..................... 125 

Table 4.18 Comparison of Separate hydrolysis and fermentation results from various 

lignocellulosic materials pretreated by dilute H2SO4 .......................... 	126 

Table 4.19 Fermentation of hydrolysate (obtained after NaOH and crude enzyme 

pretreatment of Kans grass biomass) by using S. cerevisiae and Pichia 

stipitis ..................................................................... 	........ 	12 8 



List of abbreviations 

Abbreviation 	 Full form 

TRS Total reducing sugars 

FPU Filter paper units 

FPA Filter paper assay 

gdb Gram of dry biomass 

DAH Detoxified acid hydrolysate 

U/m1 Units/ml 

P. stipitis Pichia stipitis 

S. cerevisiae Saccharomyces cerevisiae 

T. reesei Trichoderma reesei 

xiv 



Table of contents 

Contents 	 Page No. 

	

Abstract........................................................................................... 	i 

	

Acknowledgements............................................................................. 	v 

	

Listof figures ................................................................................ 	vii 

	

Listof Tables ............................................................................. 	xii 

	

List of abbreviations ...................................................................... 	xiii 

	

Chapter 1. Introduction ............................................................... 	1  

	

1.1 	Background ....................................................................... 1 

	

1.2 	Objectives ........................................................................... 	4 

	

Chapter 2. Literature review ....................................................... 	5 

2.1 Ethanol ............................................................................. 5 
2.2 Bioethanol as fuel ................................................................. 5 
2.3 Scope of ethanol production from alternative materials ..................... 8 
2.4 Lignocellulosic materials ........... ............................................. 9 

2.4.1 	Cellulose ................................................................... 12 
2.4.2 	Hemicellulose ............................................................ 1 3 
2.4.3 	Lignin ................................................................... 1 4 

2.5 Pretreatment ....................................................................... 15 
2.5.1 	Physical treatment............ 	........................................ 16 
2.5.2 	Physiochemical pretreatment ........................................ 17 

2.5.2.1 	Steam explosion: S02-steam explosion ................ 17 
2.5.2.2 	Liquid hot water ........................................... 17 
2.5.2.3 	Ammonia fibre explosion (AFEX) ..................... 18 
2.5.2.4 	Wet oxidation .............................................. 1 8 
2.5.2.5 	Microwave pretreatment .................................... 18 
2.5.2.6 	Ultrasound pretreatment ................................. 19 



2.5.2.7 	CO2 explosion ................................................ 19 
2.5.3 	Chemical pretreatments .............................................. 19 

2.5.3.1 	Alkali pretreatments .......................................... 19 
2.5.3.2 	. 	Acid pretreatment ......................................... 20 
2.5.3.3 	Ozonolysis ................................................... 21 
2.5.3.4 	Ionic liquids (ILs) pretreatment ......................... 21 
2.5.3.5 	Biological pretreatments ................................. 22 

2.6 Fermentation inhibitors ........................................................ 24 
............................ 2.6.1 	Sugar degradation products......... 	 ........ 25 

2.6.2 	Lignin degradation products ........................................... 26 
2.6.3 	Compounds derived from lignocellulosic structure .............. 27 
2.6.4 	Heavy metal ions ........................................................ 27 

2.7 Detoxification .................................................................... 27 
2.7.1 	Biological detoxification methods ....... 	......................... 28 
2.7.2 	Physical methods ......................................................... 28 
2.7.3 	Chemical methods .................................................... 29 
2.7.4 	Combination ............................................................. 29 

2.8 Inhibitors tolerate microorganism ............................................... 30 
2.9 Cellulase enzyme production ................................................... 30 
2.10 Hydrolysis ....................................................................... 32 

2.10.1 	Chemical hydrolysis .................................................. 32 
2.10.2 	Enzymatic hydrolysis ................................................ 33 

2.11 Fennentation .................................................................... 34 
2.11.1 	Principles of ethanol fermentation ................................. 34 

.................... 2.11.2 	Ethanol production by bacteria......... 	 ......... 36 
2.11.3 	Ethanol production by yeasts ....................................... 36 
2.11.4 	Separate hydrolysis and fermentation (S HF) ..................... . 38 
2.11.5 	Simultaneous saccharification and fermentation 

(SSF) ................................................ 	................. 3 8 
2.11.6 	Fermentation of pentose ............................................ 39 

2.12 Product recovery ............................................................... 40 
2.13 Residual solids/power production ............................................... 40 



Chapter 30 Materials and methods ......................................... 	... 	41 

	

3.1 	Lignocellulosic material (Substrate) ......................................... 	38 

	

3.2 	Composition analysis ............................................................ 	44 

3.2.1 	Total solids estimation ................................................. 44 

3.2.2 	Ash content estimation ................................................. 44 

3.2.3 	Acid insoluble lignin estimation ................................... 45 

3.2.4 	Acid soluble lignin estimation ........................................ 45 

3..2.5 	Total lignin ............................................................ 46 

3.2.6 	Holocellulose content determination .............................. 46 

3.2.7 	Hemicellulose content estimation ................................. 46 

3.3 Dilute H2SO4 pretreatment ....................................................... 47 

3.4 Dilute NaOH pretreatment ............... 	.................................... 47 

3.5 Estimation of toxic compounds (furfural and acetic acid) .................. 48 

3.6 Detoxification of acid hydrolysate ............................................. 48 

3.7 Trichoderma reesei and maintenance ........................................ 49 

3.8 Cellulase production media ................................................... 49 

3.9 Enzymatic 	saccharification 	of 	acid 	pretreated 	Kans 	grass 

biomass.......................................................................... 49 

3.10 Enzymatic saccharification of alkali (NaOH) pretreated Kans grass 

biomass.......................................................................... 50 
3.11 Estimation. of cellulases (Endoglucanase or CMCase, FPA and 

xylanase) activity ............................................................... 50 
3.12 Estimation of total protein ........................................................ 50 

3.13 Sugars estimation ................................................................ 51 

3.14 Cell mass estimation of T.reesei ............................................. 51 
3.15 Maintenance and adaptation ofP.stipitis to acid hydrolysate 

and fermentability test ......................................................... 52 

3.16 Maintenance and cultivation of S accharomyces cerevisiae .............. 52 

3.17 Production of ethanol from concentrated detoxified Acid hydrolysate 

(DAH) obtained after acid pretreatment ............................................ 52 

3.18 Ethanol production from hydrolysate obtained 	after enzymatic 

hydrolysis of acid (H2SO4) pretreated Kans grass 	......................... 53 



3.19 Ethanol production from hydrolysate obtained after enzymatic 53 

hydrolysis of NaOH pretreated Kans grass biomass...................... 

	

3.20 	Biomass estimation for P. stipitis and S. cereviceai ........................ 53 

	

3.21 	Ethanol determination ......................................................... 	53 

	

3.22 	3.22 SEM analysis ........................................................................... 	53 

Chapter 4. Results and Discussion ............................................... 	54 

	

4.1 	Composition of Kans grass ................................................... 	54 

	

4.2 	Dilute acid pretreatment ..:...................................................... 	56 

4.2.1 	Effect of pretreatment on sugars solubilization .................. 56 

4.2.2 Production of toxic compounds and Detoxification of 

acid hydrolysate ...................................................... 	57 

4.2.3 Optimized condition for maximum depolymerization of total 

reducing sugars .......................................................... 	5 8 

4.2.4 Compositional and Configuration change in Kans grass 

biomass after dilute Acid pretreatment ........................... 	65 

	

4.3 	Study of NaOH pretreatment... 	.............................................. 	69 

4.3.1 	Lignin and sugars liberation ............................................. 69 

4.3.2 Compositional and Configuration change in Kans grass 

biomass after NaOH pretreatment ................................. -74 

	

4.4 	Comparative analysis of Kans grass biomass pretreated with dilute 

H2SO4and NaOH ............................................................. 	74 

	

4.5 	Endoglucanase or CMCase enzyme Production ........................... . 8.1 

	

4.6 	Enzymatic saccharification of dilute H2SO4 pretreated Kans 

grass...................................................................................................... 	86 

4.6.1 	Saccharification of acid (H2SO4) pretreated Kans grass with 

crude and commercial enzyme ............................ 	86 

4.6.2 Saccharification of untreated Kans grass with crude and 

commercial enzyme .............................. 	.................. 	87 

4.6.3 	Best condition for optimization .................................... 	87 

4.6.4 	Structural and compositional changes ............................ 	93 

	

4.7 	Saccharification of NaOH pretreated Kans grass biomass .................. 94 



	

4.7.1 	Best condition for optimization .................................... 	95 

	

4,7.2 	Structural and compositional changes............................ 	95 

	

4.8 	Comparison of enzymatic saccharification/hydrolysis with dilute 

	

H2SO4 and NaOH pretreated biomass ....................................... 	96 

	

4.9 	Ethanol production ................................................................ 	103 

	

4.9.1 	Development of acid adaptive strain ............................. 	100 

4.9.2 Comparison with wild strain by ethanol production in 104 

detoxified acid hydrolysate (DAB)............................... 

4.9.3 Ethanol production from concentrated DAH (60 and 90.50 

	

gil) released from acid pretreated biomass ........................... 	112 

4.9.4 Ethanol production by dilute acid (H2SO4) pretreated Kans 

grass hydrolysate obtained after enzymatic 

	

hydrolysis........................................................... 	120 
4.9.5 Ethanol production using NaOH pretreated Kans grass 

	

hydrolysate obtained after enzymatic hydrolysis .................. 	120 

	

4.9.6 	Comparison in ethanol yield in hydrolyzates obtained after 

enzymatic hydrolysis of acid (H2SO4) and alkali (NaOH) 

	

pretreated biomass ................................................... 	128 

	

Chapter 5. Conclusions ................................................................ 	129 

Chapter 6. References ......................... 	...................................... 	133 

	

List of publications in journals ............................................................. 	170 

	

List of Abstract/paper published in conferences .......................................... 	171 



Chapter 1 
Introduction 

1.1 Background 

In 1895, a famous Swedish chemist, Svante Arrhenius, presented a paper titled 

"The Influence of Carbonic Acid in the Air upon the Temperature of the Ground" in 

Stockholm Physical Society in which he argued that the use of fossil fuel for combustion 

would lead to global warming [1, 2]. Although he was right, the widespread availability of 

inexpensive petroleum during the 20th century seemed to ignore this argument. At present, 

world's energy demand has been on rise with increasing in population and better life 

standard that in turn resulted in more use of energy in form of oil, coal and petroleum gas. 

This i's causing the depletion of natural fossil fuel reserves thereby increase in crude oil 

price. Today the earth must deal with the consequences of global climate change as well as 

emission of green house gasses. In the newly released report of International Energy 

Outlook 2007 [3], scientists project continuous robust growth of worldwide energy demand 

over the period from 2004 to 2030. The demand of fuel (gasoline and diesel) has been 

estimated about 80 Mt for the year 2011-2012, which is about 1.3 times higher than that of 

current demand [4], while it is expected that crude oil production will start declining from 

2010 [5]. Consequently, fossil fuel should be replaced with non- or less-emitted CO2 fuels. 

An alternative to reduce greenhouse gases is by replacing fossil fuels with fuels 

generated from renewable resources. Therefore, increase in research initiatives on 

alternative routes to produce chemicals and transportation fuels. In order to maintain high 

energy consuming lifestyles that people have grown accustomed to, the prospect of 

converting renewable biomass resources into biofuels such as ethanol, methanol, and 

biodiesel [6, 7] must thus. be investigated. Biodiesel is most commonly produced through 

trans-esterification of vegetable oils, animal fats or energy crops like Jatropha [8] and has 

the potential to be economically competitive with conventional diesel if made from waste 

vegetable oil [6]. The technology for bioethanol production from corn or similar food crops 

are well defined, however the land use for food or energy production remains a crucial 

argument. Thus, production from other feedstocks like agro-forest residues that is 

lignocellulosic biomass still requires extensive research to develop a feasible production 

method. For this reason, this study is focused on technology to convert lignocellulosic 

biomass to ethanol. 

Ethanol is produced from fermentation of sugars and it is a renewable fuel which 

can be used 'as sole fuel or blended with gasoline. Its 10 and 22% blends are being used in 
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the US and Brazil, respectively [9]. It is an oxygenated fuel that contains 35% oxygen, 

which reduces particulate and NOx emission from combustion. It may be used directly 

(95% ethanol and 5% water) as a fuel, such nearly pure ethanol fuel provides a number of 

environment benefits, due to their low pressure and reduced emission of ethanol in to the 

atmosphere along with their clean burning characteristics [10]. The use of ethanol as an 

alternative motor fuel has been steadily increasing around the world for several reasons. 

Domestic production and use of ethanol for fuel can decrease dependence on foreign oil, 

reduce trade deficits, create jobs in rural area and reduce air pollution and carbon dioxide 

build-up [11]. 

Currently, the major feedstocks for ethanol production are corn kernels (starch) in 

US and sugarcane (sucrose) in Brazil [12, 13]. However, this raw material base, which is 

also used for animal feed and human needs, will not be sufficient to meet the increasing 

demand for fuel ethanol and the reduction of greenhouse gases resulting from use of sugar 

or starch-based ethanol is not as high as desirable [14]. There are many advantages for 

utilizing lignocellulosic material as cultivation of energy crops but there is also a great 

challenge, Concern and responsibility that cultivation of energy crop might reduce land 

availability for feed and food production. Thus there should not be any competition 

between cultivation of energy and traditional crops. The planting of trees or other energy 

crops in the areas like degraded and deforested lands has been suggested [15]. Hence, these 

factors call for the exploitation of lignocellulosic feedstocks, such as agricultural and forest 

residues as well as dedicated energy crops, for the production of ethanol. 

Lignocellulose is a more complex substrate than starch. It is mainly composed, of a 

mixture of carbohydrate polymers (cellulose and hemicellulose) and lignin. The 

carbohydrate polymers are tightly bound to lignin majorly by hydrogen bonds but also by 

some covalent bonds. The biological* process for converting the lignocellulosic materials to 

fuel ethanol requires: 1) delignification to liberate cellulose and hemicellulose from their 

complex with lignin; (2) hydrolysis of the carbohydrate polymers to produce free sugars; 

and (3) fermentation of mixed hexose and pentose sugars to produce ethanol. 

Natural lignocellulosic biomass is resistant to hydrolysis because of the crystallinity 

of cellulose, protection of cellulose by lignin, cellulose sheathing by hemicellulose and the 

limited accessible surface area of the biomass matrix [16]. Therefore, pretreatment, the 

most challenging step is essential to break down the close knit structure of lignocellulosic 

biomass thus providing hydrolysis agents with a more direct access to the feedstocks [17, 

18]. Different pretreatment approaches (including physical, chemical, biological and their 

combinations) have been extensively investigated over the past decade and tailoring of an 
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appropriate pretreatment for specific biomass feedstocks is of great interest to researchers 

[19]. 

After pretreatment, the next step in the production of ethanol from lignocellulosic 

biomass is the hydrolysis or the break down of the sugar polymers into monomers. This 

degradation is usually done by enzymes or acid. The enzyme based technology (mainly 

cellulase) is advantageous over acid based treatment (conc.H2SO4) due to higher 

conversion efficiency, absence of substrate loss due to chemical modification, lack of 

inhibitory compounds production, low cost, no need of recycling of acid and the use of 

more moderate and non-corrosive conditions like low temperatures, neutral pH [20]. 

The Cellulase enzyme production accounts for 40% of total cost in bioethanol 

synthesis [21]. To reduce cost of production, on site production of crude enzyme is more 

viable than commercial cellulase due to their reasonable cost (exclusion of enzyme 

purification step), high enzyme production capacity etc. The reduction in cost paves a cost 

effective way for ethanol production [22]. In a typical cellulose degrading ecosystem, a 

variety of cellulolytic bacteria (e.g., Closlridium, Bacillus) and fungi (e.g., Penicillium, 

Aspergillus, Trichoderma) work in concert with related microorganisms to convert 

insoluble cellulosic substrates to soluble sugars, 'primarily glucose, which is then 

assimilated by the cell [23]. Due to its excellent ability to produce and secrete a complete 

set of cellulose degrading enzymes in such amounts, that makes their production viable at 

industrial scale, the soft rot fungus Trichoderma reesei has been in the focus of cellulase 

research for decades [24]. 

S. cerevisiae can ferment only certain mono- and disaccharides like glucose, 

fructose, maltose and sucrose. This microorganism is not able to assimilate cellulose and 

hemicellulose directly. In addition, pentoses obtained during hemicellulose hydrolysis 

(mainly xylose) cannot be assimilated by this yeast. D-Xylose is a major component of the 

hydrolyzate of hemicellulose from biomass. Therefore, ethanol production from xylose is 

essential for successful utilization of lignocellulosic materials [25]. Many bacteria, yeast, 

and fungi assimilate xylose, but only a few metabolize it to ethanol [26]. Xylose-

fermenting yeasts, such as P. stipitis, Pachysolen tannophilus and Candida shehatae are 

widly used for hemicellulosic hydrolysate conversion to ethanol. 

The biomass feedstocks used in the present study was Kans grass; (Saccharum 

sponteneum) also known as Switch grass variety, one of the novel and potential substrate 

for bioethanol production [15]. It is a perennial energy crop growing in marginal land and 

has a good potential to be used for energy production [27]. Kans grass grows fast, captures 

lots of solar energy and as it belongs to C4 plant group, fixes more CO2 than a C3 plant 
3 
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does, thereby, it actively and most efficiently takes part in carbon sequestration process 

[28], its roots reach deep into the soil for water and use it very efficiently. This does not 

require any maintenance and once it is planted can supply biomass over many years. It is 

widely available in Asia including India. Its ability to quickly colonize makes it special for 

its plantation in waste and marginal lands. Other advantages, it gives more biomass about 

10 ton per hectare compared to raw crops which gives only 5-6 ton per hectare per year 
[29]. 

1.2 Objectives 

The current work is dedicated to finding out the possibilities for bioethanol 

production from a novel lignocellulosic material Kans grass. Two pretreatment methods 

including dilute H2SO4 and NaOH were targeted to achieve the optimal condition of 

monomer sugars liberation as well as lignin removal. Further Investigation includes studies 

of cellulase production and enzymatic hydrolysis of biomass as well as fermentation for 

bioethanol production. 

The objectives of current investigation were: 

(1) Characterization of novel lignocellulosic material Kans grass (Saccharum 

spontaneum) 

(2) To investigate effect of dilute H2SO4  and NaOH pretreatment on Kans grass 

biomass 

(3) Production of cellulases from T richoderma reesei 

(4) To examine suitable conditions for enzymatic saccharification of dilute H2SO4  and 

NaOH pretreated biomass 

(5) Production of ethanol from hydrolysate obtained after dilute H2SO4 pretreatment 

and enzymatic saccharification of pretreated biomass 

4 



Chapter 2 
Literature review 

2.1 Ethanol 

Ethanol or ethyl alcohol is an important organic chemical because of its unique 

properties and it's wide use for various purposes: Ethanol is a straight-chain alcohol with 

molecular formula C2H5OH. Its empirical formula is C2H60. An alternative notation of 

ethanol is CH3—CH2—OH, which indicates that the carbon of a methyl group (CH3—) is 

attached to the carbon of a methylene group (—CH2—), which is attached to the oxygen of a 

hydroxyl group (—OH). It is a constitutional isomer of dimethyl ether. Under ordinary 

conditions, ethanol is a volatile, flammable, clear, colourless liquid, miscible in both water 

and non-polar solvents. The production of ethanol has two routes: chemical synthesis and 

biochemical production. The chemical route of ethanol production is commonly carried out 

by a catalytic hydration of ethylene in vapour phase and often as a by-product of certain 

manufacturing processes [30]. The ethanol produced from this process is mostly used as a 

solvent (60%) and chemical intermediate (40%). 

Ethanol has widespread use as a solvent of substances intended for human contact 

or consumption, including scents, flavourings, colourings, and medicines. In chemistry, it 

is both an essential solvent and a feedstock for the synthesis of other products. It has a long 

history as a fuel for heat and light, and more recently as a fuel for internal combustion 

engines. 

2.2 Bioethanol as fuel 

The biochemical route for ethanol production includes sugars fermentation and an 

account for 93% of the total ethanol production in the world is referred to as bioethanol. 

Bioethanol is an alcohol made by fermentation, mostly from carbohydrates produced in 

sugar or starch crops such as corn or sugarcane. Cellulosic biomass, derived from non-food 

sources such as trees and grasses, is also being developed as a feedstock for ethanol 

production. Ethanol can be used as a fuel for vehicles in its pure form, but it is usually used 

as a gasoline additive to increase octane and improve vehicle emissions. Bioethanol is 

widely used in the USA and in Brazil. Current plant design does not provide for converting 

the lignin portion of plant raw materials to fuel components by fermentation. 

The ethanol produced is mostly used as fuels (92%); industrial solvents and 

chemicals (4%), and beverages (4%) [30]. Nowadays, crops are main feedstock used for 

ethanol production. Brazil is the largest ethanol producer with a capacity of 15.11 Giga- 
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L/year and uses sugar cane as feedstock, while the USA in second place (13.39 Giga-

L/year) uses corn as feedstock [31].The other producer of bioethanol from various sugars 

sources are listed in Table 2.1. However, these crops are also food for human and animals, 

thus the expansion of production capacity, especially as ethanol becomes a worldwide 

alternative fuel, is limited by supply of the feedstock. In contrast, cheap abundant 

lignocellulosic materials in the form of agricultural and forestry wastes as well as 

municipal and industrial wastes are available as alternative feedstock for ethanol 

production. Therefore, the use of lignocellulosic materials for ethanol production is very 

promising. 

The use of ethanol as fuel goes back to the origin of the use of vehicles itself. As 

Henry Ford's Model T, built in 1908, ran on ethanol. It was continued until the availability 

of cheap petrol replaced ethanol as a major transport fuel in the early part of the 20th 

century. The energy crisis of the 1970s renewed interest in ethanol production for fuels and 

chemicals. Although the interest waned in the following decade due to oil price abatement, 

the environmental issue of reducing greenhouse gas, rising vehicle fuel demand, and the 

security of energy supply sustain the development of ethanol production from renewable 

resources. Ethanol is used in vehicles either as a sole fuel or blended with gasoline. As an 

oxygenated compound, ethanol provides additional oxygen in combustion, and hence 

obtains better combustion efficiency. The physicochemical properties of some oxygenated 

high-octane additives are shown in Table 2.1. Since the completeness of combustion is 

increased by the present of oxygenated fuels, the emission of carbon monoxide can be 

reduced by 32.5% whereas the emission of hydrocarbons is decreased by 14.5% [32]. 

Table 2.1 The major Bioethanol producers in the world. 

Country Amount 
(million liters) 

Share of the world 
production (%) Primary feed stocks 

Brazil 15,110 37 Sugarcane 

USA 13,390 33 Maize 

China 3,650 9 Maize, cassava and 
cereal grains 

India 1750 4 Sugarcane, molasses, 
cassava 

France 830 2 Sugar beets, wheat 

dditionally, emission of nitrogen oxides is reduced by using ethanol as additive. A flow 
6 
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diagram for carbon cycle in conventionallfossil fuel as well as biofuel (e.g. bioethanol) is 
shown in Fig.2.1 

CARBON CYCLE 

long-term  
unbalanced cycle 

1 	i) 
short-term 	months 

balanced cycle 

.P 

ijjiii--  4 

if 

Fig. 2.1 Carbon cycle for fossile fuel and biofuel [33] 

However, Ethanol has become more competitive as an oxygenated fuel especially 
because ethanol is produced from renewable resources by fermentation, resulting in less 

dependency on fossil fuel. Moreover, ethanol is less hygroscopic, contains a reasonable 

heat of combustion, has lower evaporation heat and, most importantly, is not toxic like 

methanol. In addition, acetaldehyde as a product of partial oxidation of ethanol in the 

exhaust gas of vehicles is much less toxic than formaldehyde, which is formed while using 
methanol. 

Although a high-octane additive, ethanol has several drawbacks including emitting 

acetaldehyde of 2-4 times as much as does gasoline; highly corrosive in nature, which is a 
function of water content; a negative effect on rubber and plastic; and the blend with 

gasoline tends to separate in the presence of traces of water [32]. Fortunately, these 

drawbacks have been overcome. An additional 5% of water in a blend of ethanol and 
gasoline can minimize the production of acetaldehyde, also different stabilizers including 
higher alcohols, fossil oil, aromatic amines, ethers or ketones are useful to prevent 

separation. Some corrosion inhibitor such as hydroxyethylated alkylphenols and alkyl 
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imidazolines can act as anticorrosion. Additionally, different polymer industries have 

developed special materials that are resistant to penetration of alcohols [32]. 

Table 2.2 The physicochemical properties of some oxygenated high-octane additives to 

gasoline 

Oxygenates fuel 
Properties Gasoline Methanol Ethanol MTBE 

Density at 15.56°C, kg/m3 719-779 794 792 742 

Heat, kJ/kg 
Combustion (lower) 41,800-44,200 19,934 26,749 35,123 
Evaporation —'349  1104 839 326 

Flash point, °C -42.8 6.5 12 -28 

Octane number 
Research (RON) 90-100 107 108 116 
Motor (MON) 81-90 92 92 101 

Reid vapor pressure, kPa 55-103 32 16 54 

2.3 Scope of ethanol production from alternative materials 
Unlike fossil fuels, bioethanol is a renewable source of energy which is produced 

through fermentation of sugars. An enhanced production of ethanol by using the, current 

corn starch, sugar cane or cereal based technology may not be practical because these crop 

productions for ethanol will compete for the limited agricultural land needed for food and 

feed production. A potential source for low cost ethanol production is to utilize 

lignocellulosic materials such as crop residues, grasses, Sawdust, wood chips, solid animal 

waste and industrial wastes [34]. 

Straw, a low-density residue, is the dominant residue. Rice husk, a by _product of 

rice milling and it accounts for 20% of paddy. Unlike the cereals, crops such as red gram, 

cotton, rapeseed, mustard, mulberry and plantation crops produce woody (ligneous) 

residues. Residue production for mulberry, coconut and sugarcane were estimated based on 

field studies [35, 36]. The woody (ligneous) crop residues, rice husk and bagasse are 

considered for energy production [37]. Municipal solid waste (MSW) is normally 

collected, transported and dumped in the outskirts of towns and cities. Though sorting out 
ro 
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for the recyclable materials by the rag pickers is common, other ways of handling, like 

composting, incineration, ethanol production, etc., also take place to some extent. The 

quantity of wastes generated per family in a week has also increased substantially from 7 

kg during 1980s to 20-30 kg at present. In India, based on 1991 census data, the estimated 

quantity of MSW generated in 10 major cities is more than 10 Mt annually. The disposal of 

such huge quantities has become a major problem. Thus, the utilization of MSW for energy 

production would mean a solution of this problem. In addition to MSW, large quantity of 

wastewater is generated in certain industrial plants like breweries, sugar mills, distilleries, 

food-processing industries, tanneries, and paper and pulp industries.  

Out of this, food products and agro based industries together account for 65-70% 

of the total industrial wastewater in terms of organic load [38]. It was estimated that about 

1056,730 Mm3  wastewater generated in India by industries [37]. Hence, agricultural, urban 

and industrial residue is present in huge amount and increasing day by day, which could be 

utilized for ethanol production to reduce its demand and it also be, reduced disposal 

problem of wastes and will help to make clean environment. 

2.4 Lignocellulosic materials 

Lignocellulosic plant material consists of mainly three different types of polymers 

(Fig 2.2), namely cellulose, hemicellulose and lignin, which are associated with each other 

[39]. Corn stover, switchgrass, miscanthus and woodchips are some of the more popular 

cellulosic materials for ethanol production. Starch based materials including corn, molasses 

[40] as well as sugar beet are also used for the production of different metabolites and 

products. Production of ethanol from lignocelluloses has the advantage of abundant and 

diverse raw material compared to starch based sources but requires a greater amount of 

processing to make the sugar monomers available to the microorganisms for fermentation. 

In recent years, lignocellulosic biomass, especially agricultural crop residue, is 

being investigated for ethanol production because they are cheap, easily available, and 

require in time removal from the field. Extensive research has been done on the conversion 

of lignocellulosic materials to ethanol production in the last two decades [41, 42, 43, 44, 

45, 46]. This conversion includes three 'major steps: (i) Pretreatment of lignocellulosic 

material for removal of lignin (ii) hydrolysis of cellulose in the lignocellulosic materials to 

fermentable reducing sugars and (iii) fermentation of the sugars to ethanol. 

0 
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Fig. 2.2 Cellulose, hemicellulose and lignin content in common agricultural residues and 
wastes [47] 

Removal of lignin and hemicellulose, reduction of cellulose crystallinity and 

increase of porosity in pretreatment processes can significantly improve the hydrolysis 

[48]. The hydrolysis is usually, catalyzed by cellulase enzymes or acid hydrolysis and the 

fermentation is carried out by yeast or bacteria. The factors that have been identified to 

affect the hydrolysis of cellulose include porosity, i.e., accessible surface area of the waste 
materials, cellulose fiber crystallinity and lignin and hemicellulose content [48]. The 

presence of lignin and hemicellulose makes the access of cellulose enzymes to cellulose 
difficult, thus reducing the efficiency of the hydrolysis. The contents of cellulose, 

hemicellulose and lignin in common agricultural residues and wastes are presented in 
Table 2.3. 

A Schematic picture for the conversion of lignocellulosic biomass to ethanol, 

including the major steps is given in Fig. 2.3. Hydrolysis and fermentation can be 

performed separately (SHF, indicated by broken arrows) or as simultaneous 

saccharification and fermentation (SSF). In consolidated bio-processing (CBP) however, 

all bioconversion steps are minimized to one step in a single reactor using one or more 

microorganisms. Different techniques such as mutagenesis, co-culturing and heterologous 

gene expression have been used to improve sugars utilization of the microbial biocatalyst 

as well as activity and/or stability of hydrolytic fungal-derived enzymes in order to 

improve the overall yields. For reduction of production cost, ethanol production can be 

integrated with a combined heat and power plant using lignin. 
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Table 2.3 Distribution of cellulose, hemicellulose, and lignin in different Lignocellulosic 

materials 

Lignocellulosic material 	Cellulose 	Hemicellulose 	Lignin 

Sugarcane baggages 33 30 29 

Rice straw 32 24 13 

Corn Cobe 42 39 14 

Rice hulls 36 15 19 

Costal Bermuda grass 25 35.7 6.4 

Switch grass 45 31.4 12.0 

Grasses 25-40 35-50 10-30 

Leaves 15-20 80-85 0 

News papers 40-55 25-40 18-30 

Cotton seed hairs 80-90 5-20 6.4 

Waste paper 60-70 10-20 5-10 

from chemicals pulp 

Sunflower stalk 38.5 33.50 17.50 

Hard wood stem 40-55 24-40 18-25 

Soft wood stems 45-50 25-35 25-35 

Source: [45, 49, 50, 51, 52]. 
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Fig. 2.3 Conversion of lignocellulosic biomass to ethanol 

2.4.1 Cellulose 

Cellulose is an organic compound with the formula (C6H1o05)„ (Fig. 2.4). Since 

Plants are able to make their own carbohydrates and is utilized for energy and to build their 

cell walls. Glucose is the simplest and most common carbohydrates in plants. Plants make 

glucose by using photosynthesis in presence of sunlight, which is used for energy or stored 

as starch for later use. A plant uses glucose to make cellulose when it links many simple 

units of glucose together to form long chains. Cellulose exists as D-glucose subunits, 

linked by J3-1,4 glycosidic bonds [53]. The cellulose in a plant consists of parts with a 

crystalline structure. The cellulose strains are `bundled' together and form so called 
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cellulose fibrils or cellulose bundles. These cellulose fibrils are mostly independent and 

weakly bounded through hydrogen bonding [54]. Cellulose is the structural component of 

the primary cell wall of green plants. Being abundant and outside the human food chain 

makes cellulosic materials relatively inexpensive feedstock for ethanol production. 

CHZOH 

N 
l
-0 

O\OH_Jv ° 

H OH 
 

H OH 
 

OH 

Fig. 2.4 Structure of cellulose with polymeric arrangement of glucose molecule [55] 

2.4.2 Hemicellulose 

Hemicellulose is a complex carbohydrate structure that composed of different 

polymers like pentoses (like xylose and arabinose), hexoses (like mannose, glucose and 

galactose), and sugar acids (Fig. 2.5). Xylan is the dominant component of hemicellulose 

from hardwood and agricultural plants, like grasses and straw, while this is glucomannan 

for softwood [53, 56]. Hemicellulose has a lower molecular weight than cellulose,- and 

branches with short lateral chains that consist of different sugars, which are easy 

hydrolyzable polymers [53]. Hemicellulose acts as a connection between the lignin and the 

cellulose fibers and gives the whole cellulose—hemicellulose— lignin network more rigidity 

[54]. The solubility of the different hemicellulose compounds in descending order is: 

mannose, xylose, glucose, arabinose, and galactose. The solubility of the each component 

increases with increasing temperature. The xylan of hemicellulose can be extracted quite 

well in an acid or alkaline environment, while glucomannan can hardly be extracted in an 

acid environment and needs a stronger alkaline environment than xylan to be extracted [53, 

57, 58]. Xylan appears to be the part that can be extracted the most easily. 
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Fig. 2.5 Structure of hemicellulose [59] 

2.4.3 Lignin 

Lignin strengthens structures by stiffening and holding the cellulose and 

hemicellulose fibre together, therefore posing as an obstacle during hydrolysis of the 

lignocellulosic biomass [52]. The amorphous heteropolymer is water insoluble and 

optically inactive; all this makes the degradation of lignin very tough [39]. Lignin, after 

cellulose and hemicellulose is one of the most abundant polymers in nature and is present 

in the cellular wall. It is an amorphous heteropolymer consisting of three different 

phenylpropane units (p-coumaryl, coniferyl and sinapyl alcohol) that are held together by 

different kind of linkages (Fig.2.6). The main purpose of lignin is to give the plant 

structural support, impermeability, and resistance against microbial attack as well as 

oxidative stress. Based on the specific lignocellulosic structure, the common bioethanol 

process pretreatment step is generally involved. Pretreatment reduces the size and breaks 

down the lignin and crystalline structure of lignocellulosic biomass, thus facilitating the 

subsequent hydrolysis of cellulose and hemicellulose. 

OH 

HC' 

X 
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Fig. 2.6 A typical structure of Lignin [60] 

2.5 Pretreatment 

Pretreatment is one of the important step required to liberate cellulose 
hemicellulose and lignin from lignocellulosic materials. The mechanisms of pretreatment 

for the digestion of lignocelluloses are however not clearly known [61]. A one of the 

important goal of pretreatment is to increase the surface area of lignocellulosic material, so 

that polysaccharide gets susceptible to hydrolysis. Along with an increase in surface area, 

pretreatment effectiveness and hydrolysis improvement has been correlated with removal 

of hemicellulose and lignin and the reduction of cellulose crystallinity [48]. An overview 

of pretreatment process is shown in Fig. 2.7. A typical pretreatment must meet the 

following requirements: (1) To improve formation of sugars (2) Low or no degradation of 

sugars; (3) avoid the formation of toxic by products which cause inhibition during lateral 

steps of ethanol production (hydrolysis and fermentation) (4) Economical [34]. The large 

number of pretreatment used for lignocellulosic materials can be classified into groups as 
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physical, physico-chemical, chemical and biological and enzymatic treatment processes 
(Table 2.4). 
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Fig. 2.7 Effect of pretreatment on lignocellulosic material [62] 

2.5.1 Physical treatment 

Mechanical comminution and extrusion is one of the important methods which are 

commonly utilized before other pretreatment techniques for the effective hydrolysis. The 

comminution of the lignocellulosic material is done by a combination of chipping, 

grinding, and milling. The size of the materials is usually 10 to 30 mm after chipping and 

0.2 to 2 mm after milling or grinding [34] and the size reduction of the particle results the 

increase the more exposed area [63]. The increase in surface area, reduction of 

depolymerization, and the shearing, are all factors that increase the total hydrolysis yield of 

lignocellulose in most cases by 5-25% (depends on kind of biomass, kind of milling, and 

duration of the milling), but also reduces the digestion time by 23-59% (thus an increase in 

hydrolysis rate) [64, 65]. Extrusion is one of the novel and promising physical pretreatment 

methods for biomass conversion to ethanol production. In extrusion, the materials are 

subjected to heating, mixing and shearing which results in physical and chemical 

modifications during the passage through the extruder. It is assumed that Screw speed and 
barrel temperature disrupt the lignocellulosic structure results defibrillation, fibrillation and 

reduction of fibers size and increasing accessibility of carbohydrates for the enzymatic 
action for further depolymerization into monomer or simple sugars [66). 

16 



Literature review 

2.5.2 Physiochemical pretreatment 

2.5.2.1 Steam explosion: S02-steam explosion 

Steam explosion is the most widely employed hydrothermal physico-chemical 

pretreatment technology for lignocellulosic biomass. In this pretreatment, biomass is 

subjected to supply with pressurised steam for different duration of time from several 

second to several minutes and then suddenly depressurised. This pretreatment combines 

both mechanical forces and chemical effects during hydrolysis (autohydrolysis) of acetyl 

groups present in hemicellulose. Autohydrolysis occurs when high temperatures results in 

the formation of acetic acid from acetyl groups; as well as water can also act as an acid at 

high temperatures. The mechanical effects are caused because of the pressure is suddenly 

reduced and fibres are separated owing to the explosive decompression. In combination 

with the partial hemicellulose hydrolysis and solubilization, the lignin is removed in some 

extent from the material [67]. Removal of hemicelluloses exposes the cellulosic portion 

and increases enzyme accessibility to the cellulose microf brils. A way to minimize the 

hemicellulose degradation during steam pretreatment is by separating the biomass from the 

condensate during the pretreatment [68], by keeping the pH between 5 and 7 during the 

pretreatment and by the addition of alkali [69, 70], or by applying a two-step steam 

pretreatment. 

2.5.2.2. Liquid hot water 

Liquid hot water is another hydrothermal treatment which does not require rapid 

decompression and does not employ any catalyst or added chemicals externally. Pressure is 

applied to maintain water in the liquid state at elevated temperatures (160-240°C) and 

provoke alterations in the structure of the lignocellulose. The objective of the liquid hot 

water is to solubilize mainly the hemicellulose, to make the cellulose more accessible and 

to avoid the formation of inhibitors. The slurry generated after pretreatment can be filtered 

to obtain two fractions: one solid cellulose-enriched fraction and a liquid fraction rich in 

hemicellulose derived sugars. To avoid the formation of inhibitors, the pH should be kept 

between 4 and 7 during the pretreatment because at this pH hemiccllulosic sugars are 

retained in oligomeric form and monomers formation is minimized. Therefore the 

formation of degradation products is also lower [62]. Liquid hot water has been shown to 

remove up to 80% of the hemicellulose and to enhance the enzymatic digestibility of 

pretreated material in herbaceous feedstocks, such as corn stover [62], sugarcane bagasses 

[71] and wheat straw [72] . 
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2.5.2.3. Ammonia fibre explosion (AFEX) 

In the AFEX process, biomass is treated with liquid anhydrous ammonia at 

temperatures between 60 and 100°C and high pressure for a variable period of time. The 

pressure is then released, resulting in a rapid expansion of the ammonia gas that causes 

swelling and physical disruption of biomass fibers and partial decrystallization of cellulose. 

While some other pretreatments such as steam explosion produce a slurry that can be 

separated in a solid and a liquid fractions, AFEX produces only a pretreated solid material. 

AFEX has been reported to decrease cellulose crystallinity and disrupt lignin—

carbohydrates linkages [54]. During the pretreatment only a small amount of the solid 

material is solubilized; little hemicellulose and lignin is removed [73]. Deacetylation of 

hemicellulose is also observed. AFEX removes the least acetyl groups from certain 

lignocellulosic materials [74]. Digestibility of biomass is increased after AFEX 

pretreatment [75] and therefore the enzymatic hydrolysis results in greater yields. 

2.5.2.4 Wet oxidation 

Wet oxidation is an oxidative pretreatment method which employs oxygen or air as 

catalyst. It allows reactor operation at relatively low temperatures and short reactor times 

[76]. The oxidation is performed for 10-15 rain at temperatures from 170- 200°C and at 

pressures from 10 to 12 bar [77]. The addition of oxygen at temperatures above 170°C 

makes the process exothermic reducing the total energy demand. The main reactions in wet 

oxidation are the formation of acids from hydrolytic processes and oxidative reactions. It 

has been proven to be an efficient method for solubilization of hemicelluloses and lignin 

and to increase digestibility of cellulose and it has been widely used for ethanol production 

followed by SSF [78]. Also the production of furfural and HMF was low during wet-

oxidation, but part of the hemicellulose was lost by reaction to carbon dioxide and water 

[79]. 

2.5.2.5 Microwave pretreatment 

Microwave-based pretreatment can be considered as physicochemical process since 

both thermal and non-thermal effects are often involved. Pretreatments were carried out by 

immersing biomass in dilute chemical reagents and exposing the slurry to microwave 

radiation for residence times ranging from 5 to 20 min [80]. Preliminary experiments 

identified alkalis as suitable chemical reagents for microwave-based pretreatment [81]. 
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radiation for residence times ranging from 5 to 20 min [80]. Preliminary experiments 

identified alkalis as suitable chemical reagents for microwave-based pretreatment [81]. 

2.5.2.6 Ultrasound pretreatment 

The effect of ultrasound on lignocellulosic biomass have been employed for 

extracting hemicelluloses, cellulose and lignin but less research has been addressed to 

study the susceptibility of lignocellulosic materials to hydrolysis [82]. In spite of the minor 

research on ultrasound pretreatment from lignocellulose, some researchers have also 

shown that Saccharification of cellulose is enhanced efficiently by ultrasonic pretreatment 

[83]. Different researchers have studied ultrasound pretreatment for different 

lignocellulosic materials. The frequency of 40 kHz carried out in ultrasonic bath in triticale 

[84], rice straw was pretreated in a sonicator with 20 kHz [85], however in corn meal [86] 

40 kHz frequency was maintained for different duration of time (0.5-30 minutes). 

Higher enzymatic hydrolysis yields after ultrasound pretreatment could be 

explained because cavitations effects caused by introduction of ultrasound field into the 

enzyme processing solution greatly enhance the transport of enzyme macromolecules 

toward the substrate surface. 

2.5.2.7 CO2 explosion 

Carbon dioxide explosion is also used for lignocellulosic biomass pretreatment. 

The method is based on the utilization of CO2 as a supercritical fluid, which refers to a 

fluid that remains in a gaseous form but is compressed at temperatures above its critical 

point to a liquid like density. Supercritical pretreatment conditions can effectively remove 

'lignin increasing substrate digestibility. Addition of co-solvents such ethanol can improve 

delignification. Supercritical carbon dioxide (SC-0O2) has been mostly used as an 

extraction solvent but it is being considered for non-extractive purposes due to its many 

advantages [87]. It was hypothesized that CO2  would form carbonic acid and increase the 

hydrolysis rate. The yield was relatively low compared to steam or ammonia explosion 

pretreatment, but high compared to the enzymatic hydrolysis without pretreatment [88, 89] 

compared CO2 explosion with steam and ammonia explosion for pretreatment of recycled 

paper mix, sugarcane bagasse and repulping waste of recycled paper and found that CO2 

explosion was more cost effective than ammonia explosion and did not cause the formation 

of inhibitory compounds that could occur in steam explosion. 
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2.5.3 Chemical pretreatments 

2.5.3.1 Alkali pretreatments 

The effect of bases on lignocellulosic biomass is the basis of alkaline pretreatments, 

which are effective depending on the lignin content of the biomass [90]. Alkali 

pretreatments increase cellulose digestibility and they are more effective for lignin 

solubilization, exhibiting minor cellulose and hemicellulose solubilization than acid or 

hydrothermal processes [91]. Alkali pretreatment can be performed at room temperature 

and times ranging from seconds to days. It is described to cause less sugar degradation than 

acid pretreatment and was shown to be more effective on agricultural residues than on 

wood materials [92]. Nevertheless, possible loss of fermentable sugars and production of 

inhibitory compounds must be taken into consideration to optimize the pretreatment 

conditions. 

Sodium, potassium, calcium and ammonium hydroxides are suitable alkaline 

pretreatments. NaOH causes swelling, increasing the internal surface of cellulose and 

decreasing the degree of polymerization and crystallinity, which provokes lignin structure 

disruption [93]. The bulk of the lignin removal occurs during the alkaline extraction stage 

[94]. NaOH has been reported to increase hardwood digestibility from 14% to 55% by 

lowering lignin content 24 and 55% [95]. Addition of an oxidative agent (oxygen/H2O2) to 

alkaline pretreatment (NaOH/Ca(OH)2) can improve the performance by favouring lignin 

removal [96]. 

2.5.3.2 Acid pretreatment 

The main objective of the acid pretreatment is to solubalize the hemicellulosic 

fraction of the biomass and to'make the cellulose more accessible to enzymes.", his. type of 

pretreatments can be performed with concentrated or diluted acid but utilization of 

concentrated acid is less attractive for ethanol production due to the formation of inhibiting 

compounds. Furthermore, equipment corrosion problems and acid recovery are important 

drawbacks when using concentrated acid pretreatment. The high operational and 

maintenance costs reduce the interest of applying the concentrated acid pretreatment at 

commercial scale [97]. High hydrolysis yields have been reported when pretreating 

lignocellulosic materials with diluted H2SO4 which is the most studied acid. Hydrochloric 

acid, phosphoric acid and nitric acid have also been tested [98]. Saccharification yield as 

high as 74% was shown when wheat straw was subjected to 0.75% v/v of H2SO4 at 121°C 

for 1 h [99]. Olive tree biomass was pretreated with 1.4% H2SO4 at 210°C resulting in 

76.5% of hydrolysis yields [100]. Recently, ethanol yield as high as 0.47 g/g glucose was 
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achieved in fermentation tests with cashew apple bagasse pretreated with diluted H2SO4  at 

121°C for 15 min [101]. 

2.5.3.3 Ozonolysis 

Ozone is a powerful oxidant that shows high delignification efficiency [34]. This 

lignin removal increases the yield in following enzymatic hydrolysis. The pretreatment is 

usually performed at room temperature and normal pressure and does not lead to the 

formation of inhibitory compounds that can affect the subsequent hydrolysis and 

fermentation. Ozone has been used to degrade lignin and hemicellulose in lignocellulosic 

materials such as cotton stalks, wheat straw, bagasses, and poplar sawdust [102, 103, 104, 

105, 106]. 

Organosolv or Organosolvation method is a promising pretreatment strategy, since 

it has demonstrated its potential for lignocellulosic materials [107]. Numerous organic or 

aqueous solvent mixtures can be utilized, including methanol, ethanol, acetone, ethylene 

glycol and tetrahydrofurfuryl alcohol, in order to solubilize lignin and renders treated 

biomass suitable for enzymatic hydrolysis [108]. Comparing to other chemical 

pretreatments the main advantage of organosoly process is the recovery of relatively pure 

lignin as a by-product [108]. In some studies these 'mixtures are combined with acid 

catalysts (HCl, H2SO4, oxalic or salicylic) to break bonds in hemicellulose. A high yield of 

xylose can usually be obtained with the addition of acid. However, this acid addition can 

be avoided for a satisfactory delignification by increasing process temperature (above 

185°C). High lignin removal (70%) and minimum cellulose loss (less than 2%) are 

achieved [107]. 

2.5.3.4 Ionic liquids (ILs) pretreatment 

The use of ILs as solvents for pretreatment of cellulosic biomass has recently 

received much attention. ILs are salts, typically composed of large organic cations and 

small inorganic anions, which exist as liquids at relatively low temperatures; often at room 

temperature. Their solvent properties can be varied by adjusting the anion and the alkyl 

constituents of the cation. These interesting properties include chemical and thermal 

stability, non-flammability, low vapour pressures and a tendency to remain liquid in a wide 

range of temperatures [109]. Since no toxic or explosive gases are formed, ILs are called 

"green" solvents. Carbohydrates and lignin can be simultaneously dissolved in ILs with 

anion activity (e.g. the 1-butyl-3 methylimidazolium cation [C4mim]+) because ILs form 
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hydrogen bonds between the non-hydrated chloride ions of the IL and the sugar hydroxyl 

protons in a 1:1 stoichiometry. As a result, the intricate network of non-covalent 

interactions among biomass polymers of cellulose, hemicellulose, and lignin is effectively 

disrupted while minimizing formation of degradation products. 

2.5.4 Biological pretreatments 

Biological pretreatments employ microorganisms mainly brown, white and soft-rot 

fungi which degrade lignin and hemicellulose and very little of cellulose, more resistant 

than the other components [110]. Lignin degradation by white-rot fungi, the most effective 

for biological pretreatment of lignocellulosic materials, occurs through the action of lignin-

degrading enzymes such as peroxidases and laccases [111]. Several white-rot fungi such as 

Phanerochaete chrysosporium, Ceriporia lacerata, Cyathus stercolerus, Ceriporiopsis 

subvermispora, Pycnoporus cinnarbarinus and Pleurotus ostreaus have been examined on 

different lignocellulosic biomass showing high delignification efficiency [111, 112]. 

Biological pretreatment by white-rot fungi has been combined with organosolv 

pretreatment in an ethanol production process by simultaneous saccharification and 

fermentation (SSF) from beech wood chips [113]. In general, such processes offer 

advantages such as low-capital cost, low energy, no chemicals requirement, and mild 

environmental conditions. However, the main drawback to develop biological methods is 

the low hydrolysis rate obtained in most biological materials compared to other 

technologies [34]. To move forward a cost-competitive biological pretreatment of 

lignocellulose, and improve the hydrolysis to eventually improve ethanol yields, there is a 

need to keep on studying and testing more basidiomycetes fungi for their ability to 

delignifying the plant material. quickly and efficiently. 
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Table 2.4 Different pretreatment methods 

Pretreatment 	Condition 	Biomass 	 References 

Physical method 	Chipping, grinding, Wood and forestry wastes [34, 114, 115] 
milling (final size: (hardwood, 
0.2-2 mm) . 	straw) 

[34, 116-127] 
Steam explosion 	Saturated steam at Poplar, aspen, eucalyptus, 

160-290 °C, 	Softwood (Douglas fir) 
pressure (P) = 0,69- 
4,85 MPa for several 
sec or min, then 
decompression upto 
atm. pressure 

Liquid hot water 	Pressurized 	hot Bagasse, olive pulp, corn [62, 72, 120, 128, 
water, P > 5 MPa,T stover, alfa alfa, wheat 129, 123, 125, 
= 170-230 °C, 1— 46 straw, sugarcane baggases 130,131] 
min; solids loading 
<20% 

Ammonia fiber 	1-2 kg ammonia/kg Switchgrass, coastal, 	[34, 132, 133] 
explosion 	dry biomass, 90 °C, Bermudagrass, alfalfa, 
(AFEX) 	30 min, P = 1.12— Aspen wood chips, 

1.36 MPa 	Bagasse, wheat straw, 
barley straw, rice hulls, 
corn stover 

Wet oxidation 	1.2 MPa oxygen Corn stover, wheat straw. [133, 134] 
pressure, 195°C, 
15 min; addition of 
water and small 
amounts 	of 
Na2CO3/H2SO4 

Microwave 	600 W for 4 min 	sugarcane bagasse, 	[135, 136] 
assisted 	 sorghum. 
pretreatment 

Ultrasound 	10 sec- 10 min;80- 	Cassava, sugarcane 	[137, 138, 139] 
320 amplitute; 24- 	bagasse, cellulase 
kHz; 15-400 W 

CO2 explosion 	4 kg CO2/kg fiber, P Bagasse, Alfalfa, 	[34] 
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= 5,62 MPa 

Alkaline 	Dilute NaOH, 24 h, 
hydrolysis 	60°C; Ca(OH)2, 

4 h, 120°C; 
complemented 
by adding H202 
(0.5-2.15 vol.%) at 
lower temperature 
(35°C 

Dilute-acid 	0,75-5% H2SO4, 
hydrolysis 	HCI, or HNO3, 

P=1MPa; low solids 
loads (5-10 wt% dry 
substrate/mixture): T 
= 160-200°C; 
batch process for 
high solids loads 
(10-40 wt% dry 
substrate/mixture): T 
= 120-160°C 

Ozonolysis 	Ozone, room 
temperature and 
pressure 

Biological 	Brown-, white- and 
methods 	soft-rot fungi  

Recycled paper 

Bagasse, corn stover, 	[34, 139,123, 
straws with low lignin 	140- 143, 
content (10-18%), cane 
leaves, sorghum straw 

Bagasse, corn stover, 	[139, 144-149] 
wheat straw, rye 
straw, rice hulls, 
Switchgrass, 
Bermudagrass 

Poplar sawdust, Pine, 	[32, 102, 103, 
Bagasse, wheat straw, 	104, 105, 106, 
cotton straw, green 	108] 
hay, peanut 

Corn stover, wheat straw 	[34, 150] 

2.6 Fermentation inhibitors 

Pretreatment of lignocellulosic biomass may produce degradation products with an 

inhibitory effect on the fermentation process. These inhibitory compounds may have toxic 

effects on the fermenting organisms, consequently reducing the ethanol yield and 

productivity. The level of toxicity depends in part of fermentation variables including cell 

physiological conditions, dissolved oxygen concentration and pH of the medium. Also, the 

fermenting organisms may be resistant to inhibitors or may become gradually adapted to 

their presence. However, the optimal approach is to prevent the formation of inhibitors as 

much as possible during the pretreatment processes. The inhibitory effect of these 

compounds is higher when they are present together due to a synergistic effect [151, 152]. 

During pretreatment the major inhibitory compounds may be classified as: sugar degrading 

product, lignin degrading product, Compounds derived from lignocellulosic structure and 

heavy metal ion. 
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2.6.1 Sugar degradation products 

During hydrolysis, pentose - sugars can degrade to furfural (Fig.2.8), a toxic 

compound that, depending on its concentration in the fermentation medium, can inhibit 

cells and affect the specific growth rate and cell-mass yield per ATP (Adenosine-5'-

triphosphate, transports chemical energy within cells for metabolism) [153]. When 

studying ethanol production by the yeast Pichia stipitis, [154] it was observed that furfural 

concentrations lower than 0.5 g/l had a positive effect on cell growth, whereas 

concentrations above 2 g/l inhibited cell growth almost completely. The furfural 

concentrations of 0.5, 1.0 and 2.0 g/l reduced P. stipitis. growth by 25%, 47% and 99% 

respectively [155]. It was found that a furfural concentration of 0.25 g/l in fermentation 

medium does not reduce the ethanol yield and productivity to a great extent, but a 

concentration to 1.5 g/l interfere in respiration and growth of the microorganism [156]. 

Ethanol yield and productivity were found to be decreased by 90.4% and 85.1% 

respectively. Regarding hydroxymethylfurfural (HMF), a toxic compound originating from 

hexose degradation (Fig.2.9), it was also reported that its inhibitory effect is similar to that 

of furfural, causing a longer lag phase during growth [153]. However, HMF is considered 

less toxic than furfural, and its concentration in hemicellulose hydrolyzates is normally low 

due to three factors: (1) the low quantity of hexose in hemicellulose, (2) the conditions 

employed in the hydrolytic processes, which normally do not degrade hexoses in large 

quantities, and (3) the high reactivity of this compound. 

xylose 
	 furfural 

Fig. 2.8 Formation of furfural after xylose degradation 
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Fig. 2.9 Degradation of glucose to formic acid and levulinic acid 

2.6.2 Lignin degradation products 

A large variety of compounds (aromatic, polyaroratic, phenolic,. and aldehydic) 

are released from lignin during hydrolysis of lignocellulosic materials. Phenolic 

compounds have a considerable inhibitory effect on the fermentation of lignocellulosic 

hydrolyzates, and those with low molecular weight are the most toxic. Phenolic 

compounds cause a partition and loss of integrity of biological membranes, thereby 

affecting their ability to serve as selective barriers and enzyme matrices [157]. The cell 

growth and sugar assimilation are reduced [153]. It was reported that lignin degradation 

products are more toxic to microorganisms than furfural and hydroxymethylfurfural, even 

at low concentrations [158]. They also reported that xylose metabolism of S. cerevisiae 

from wood hydrolyzate was totally or half inhibited by vanillin at concentrations of 5 or 

3.7 g/l, respectively. In an investigating the effects of different concentrations of phenols 

(from 0.1 to 4 g/1) on xyloseto- xylitol bioconversion by Candida guilliermondii, it was 
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observed that phenol at concentrations lower than 0.1 g/l, does not affect xylose 

consumption or cell growth nor it xylitol production, but at higher concentrations it was 

strongly inhibitory [159]. 

2.6.3 Compounds derived from lignocellulosic structure 

Several inhibitory products, such as raw material extractives (acidic resins, taninic, 

and terpene acids) and acetic acid derived from acetyl groups present in the hemicellulose 

are discharged into the hydrolyzate during the hydrolytic process. According to McMillan 

these extractives produce less inhibition of microbial growth than lignin derivatives or 

acetic acid [48]. When the pH of the medium is low, acetic acid appears in the 

undissociated form and diffuses across the plasma membrane [160]. Once in the cell 

interior, where pH is 7.4, this acid dissociates and accumulates in the cytoplasm, 

discharging protons. As a consequence, the internal pH drops inhibiting cell activity, and 

even causing cell death. 

2.6.4 Heavy metal ions 

Heavy metal ions (iron, chromium, nickel and copper) can originate from corrosion 

of hydrolysis equipment, and their toxicity inhibits enzymes in the microorganism's 

metabolic pathways. Watson et al. evaluated the effects of metal cations on the cellular 

growth of P. tannophilus and on the activity of the enzymes involved in xylose metabolism 

[161]. They employed synthetic media containing concentrations of metal cations similar 

to those normally found in hydrolyzates. Microbial activity was slightly reduced when 

copper, nickel, chromium, and iron ions were present in the media in quantities below 4, 5, 

100 and 150 mg/l, respectively. On the other hand, a 60% reduction was produced by 

nickel ions at a concentration of 100 mg/l. 

The conclusion is that especially formation of phenolic compounds from lignin 

degradation should be prevented and secondly, the formation of furfural and HMF by 

keeping the process temperature and residence time as low and as short as possible. 

2.7 Detoxification 

Detoxification is the specific removal of inhibitors from acid hydrolysate prior to 

fermentation. Different methods have been employed for detoxification from 

lignocellulosic hydrolysate including: Biological, physical, and chemical methods [ 162]. 
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Lignocellulosic hydrolyzates vary in their degree of inhibition, and also different 

microorganisms have different levels of inhibitor tolerances. 

2.7.1 Biological detoxification methods 

Treatment with the enzymes peroxidase and laccase, obtained from the lignolytic 

fungus Trametes versicolor, has been shown to increase the maximum ethanol productivity 

in a hemicellulose hydrolysate of willow two to three times [163]. The laccase treatment 

led to selective and virtually complete removal of phenolic monomers (2.6 g/l in the crude 

hydrolysate) and phenolic acids. The detoxifying mechanism was suggested to be oxidative 

polymerisation of low molecular weight phenolic compounds. The filamentous soft-rot 

fungus Trichoderma reesei has been reported to degrade inhibitors in a hemicellulose 

hydrolysate obtained after steam pretreatment of willow, resulting in around three times 

increased maximum ethanol productivity and four times increased ethanol yield [164]. In 

contrast to the treatment with laccase, treatment with T. reesei resulted in a 30% decrease 

in absorbance at 280 nm, indicating that the mechanisms of detoxification were different. 

Acetic acid, furfural and benzoic acid derivatives were removed from the hydrolysate by 

the treatment with T. reesei. 

2.7.2 Physical methods 

The acid hydrolysate concentration by vacuum evaporation is a physical 

detoxification method for reducing the contents of volatile compounds such as acetic acid, 

furfural and vanillin, present in the hydrolysate. However, this method also moderately 

increases the concentration of non-volatile toxic compounds (extractives and lignin 

derivatives) and consequently some degree of fermentation inhibition was observed [165]. 

The volume of hydrolysate was reduced to about 1/3 and the fermentation time necessary 

for the yeast to consume about 90% xylose increased from 24 to 94 h attained a total 

removal of furfural from wood hemicellulosic hydrolysate by reducing its volume by 90% 

through vacuum evaporation [166]. On the other hand, the hydroxymethylfurfural 

concentration decreased only by 4%. Silva and Roberto utilized vacuum-evaporated with 

rice straw hydrolyzate as a substrate for microbial conversion of xylose (90 g/1) into 

xylitol, and noticed that the production process was drastically hindered by the increase in 

concentration of non-volatile compounds, which are toxic to the microorganism and 

strongly interfere with fermentation [167]. It was reported that evaporation is suitable to 

remove acetic acid, furfural and other volatile compounds from hemicellulose 

hydrolyzates, improving the fermentative process for xylitol production [168]. The 
~R 
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vacuum-evaporation method was employed either before or after treating sugarcane 

bagasse hemicellulose hydrolysate with activated charcoal [169]. The result was that 98% 

of furfural was removed whereas acetic acid was only partially eliminated, because this 

compound is volatile in its undissociated form. 

2.7.3 Chemical methods 

Detoxification of lignocellulosic hydrolyzates by alkali treatment, by increasing the 

pH to 9E10 with Ca(OH)2 (overliming) and readjustment to 5.5 with H2SO4, has been 

described as early as 1945 by Leonard and Hajny. Ca(OH)2 adjustment of pH has been 

reported to result in better fermentability than NaOH adjustment due to the precipitation of 

toxic compounds [159]. This has been demonstrated by the fact-that pre-adjustment to pH 

10 with NaOH of a strongly inhibiting dilute-acid hydrolysate of spruce prior to 

fermentation resulted in twice as high ethanol yield (and comparable to the yield in a 

reference - fermentation containing glucose and nutrients) as after only adjustment to 

fermentation pH (5.5) [170]. Pre-adjustment to pH 10 with NaOH and Ca(OH)2 has been 

reported to decrease the concentration of ketones in a dilute acid hydrolysate of spruce 

from 203 to 158 (22% decrease) and to 143 mg/1 (30% decrease), respectively, and the 

concentration of both furfural and HMF by 20%. In contrast to what has been reported 

previously [171, 159] the concentration of acetic acid was not affected by either treatment 

in the referred study. Similarly, adjustment to pH 10 with KOH, readjustment to pH 6.5 

with HC1 and addition of 1% sodium sulphite at room temperature has been found to be the 

most efficient method of improving fermentation of a hemicellulose hydrolysate of sugar 

cane bagasse with P. stipitis [159]. The effect of the combined treatment was probably due 

to decreased concentrations of ketones and aldehydes,' and the removal of volatile 

compounds when a heat treatment was employed 

2.7.4 Combination 

Different combinations of treatment methods have been used to detoxify 

lignocellulosic hydrolyzates. In an experiments on xylose-to-xylitol bioconversion, 

different combinations of bases (CaO or Ca(OH)2) and acids (H2SO4 or H3PO4) to change 

the initial pH of sugarcane bagasse hemicellulose hydrolyzate, with or without activated 

charcoal [172]. The best results were attained when the pH was increased from 0.5 to 7.0 

with CaO and then decreased to 5.5 with H3PO4, before 2.4% activated charcoal was added 

to the hydrolyzate. In these conditions, the values of xylitol yield and productivity were 

0.79 g/g and 0.47 g/1 h, respectively, after 63 h of fermentation. On the other hand, the pH 
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increased from 0.5 to 7.0 with CaO and then decreased to 5.5 with H2SO4, without the 

addition of activated charcoal, was the worst condition for hydrolyzates treatment, 

resulting in a xylitol yield and productivity of 0.58 g/g and 0.35 g/l h respectively. 

2.8 Inhibitor tolerate microorganisms 

Harsh conditions used in pretreatment create a variety of toxic compounds that 

inhibit the fermentation performance. Inhibitors have been categorized by Olsson and 

Hahn-Hagerdal [162]. Specifically, acetic acid is released from acetylxylan decomposition, 

furan derivatives result from sugar dehydration, and phenolic compounds are derived from 

lignin. Furan derivatives include 2-furaldehyde (furfural) and 5-hydroxymethylfurfural 

(HMF), which result from pentose and hexose dehydration, respectively [173]. 

Ethanologenic E. coli also has higher tolerance to lignocellulosic inhibitors than its 

fermentative counterparts [174, 175, 176]. It was compared that ethanol production 

between these three microorganisms, determining that E. coli is comparable with or 

surpasses other reported production levels, despite its low membrane tolerance to ethanol 

[ 177]. The fermentation performance of six selected strains of Saccharomyces cerevisiae in 

dilute-acid spruce hydrolysate was compared using two different modes of fermentation 

[178]. Yeast strains Y1, application patent no. 200710175715.0, China, CGMCC 2160, Y4 

application patent no. 200710175714.6, China, CGMCC 2159, and Y7 application patent 

no. 200810223301.5, China, CGMCC 2661 demonstrated high conversion efficiencies for 

sugars and high abilities to tolerate or metabolize inhibitors in dilute-acid lignocellulosic 

hydrolysates [179]. 

2.9 Cellulase enzyme production 

The production of bioethanol from lignocellulosic material is one of the most 

important strategies due to continue depletion of fossile fuel and environmental concerns. 

A lignocellulosic material that includes forest waste, agricultural residue, lignocellulosic 

waste or grasses is supplied for enzymatic hydrolysis or saccharification after pretreatment 

for bioethanol production. The enzymes (cellulases) production cost accounts 40% of the 

overall process of bioethanol production. To reduce the commercial enzyme the on site 

produced crude enzyme is more viable due to reasonable cost and high enzyme production 

[180, 181]. A cellulosic enzyme system consists of three major components [182, 183]: 

endo-13-glucanase (EC 3.2.1.4), exo-13-glucanase (EC 3.2.1.91) and B-glucosidase (EC 

3.2.1.21). The mode of action of each of these being: 

,in 
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(1) Endo-p-glucanase, 1,4-13-D-glucan glucanohydrolase, CMCase, Cx: "random" scission 

of cellulose chains yielding glucose and cello-oligo saccharides. 

(2) Exo-P-glucanase, 1,4-B - D-glucan cellobiohydrolase, Avicelase, Cl: exo-attack on the 

non-reducing end of cellulase with cellobiose as the primary structure. 

(3) B-glucosidase, cellobiase: hydrolysis of cellobiose to glucose. 

Both bacteria and fungi can produce cellulases for the hydrolysis of lignocellulosic 

materials. These microorganisms can be aerobic or anaerobic, mesophilic or thermophilic. 

Bacteria belonging to Clostridium, Cellulomonas, Bacillus, Thermomonospora, 

Ruminococcus, Bacteriodes, Erwinia, Acetovibrio, Microbispora, and Streptomyces can 

produce cellulases [184]. Cellulomonas fimi and Thermomonospora fusca have been 

extensively studied for cellulase production. Although many cellulolytic bacteria, 

particularly the cellulolytic anaerobes such as Clostridium thermocellum and Bacteroides 
cellulosolvens produce cellulases with high specific activity, they do not produce high 

enzyme titres [185]. Because the anaerobes have a very low growth rate and require 

anaerobic growth conditions, most research for commercial cellulase production is focused 

on fungi [185]. 

Fungi that have been reported to produce cellulases include Sclerotium rolfsii, P. 

chrysosporium and species of Trichoderma, Aspergillus, Schizophyllum, Penicillium, 

rhizopus [ 187, 188, 189, 190, 191, 192]. Of all these fungal genera, Trichoderma has been 

most extensively studied for cellulase production [188]. 

The genus Trichoderma, filamentous ascomycetes are widely used in industrial 

applications because of high secretory capacity and inducer promoting characteristics 

[193]. T reesei was selected as the best cellulase producing strain. Morphology studies 

were carried out on T. reesei QM 9414 in submerged culture [194]. Hypercelluloytic 

mutant strains secrete large amounts of cellulases [196]. Biosynthesis of cellulase was 

made on T. reesei QM 9414 using cellulose as carbon source. The production of cellulase 

was carried out by culture using T. reesei Rut C-30 and T. reesei NG-14. The maximum 

growth of T. reesei C5 and the production of cellulase enzyme were obtained with lactose 

as carbon source [197]. The detailed study was made on the production of cellulase using 

mutants of T. reesei [ 198]. Fermentative production of cellulase was made on substrates 

cellulose, xylose and lactose using T. reesei [199]. The inductive formation of cellulases 

and [3-glucosidase is subject to catabolite repression by glucose and other readily 
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metabolizable substrates [200]. Growth of cellulolytic fungi in the presence of an abundant 

quantity of easily degraded cellulose can result in glucose accumulation and repression of 

cellulase synthesis. Derepression of enzyme synthesis occurs upon exhaustion of the 

accumulated glucose. Maximum cellulase synthesis can be achieved by growing T reesei 

on slightly limiting concentrations of cellulose. 

The synthesis of cellulase using T. reesei QM 9414. [201] increased using a mixture 

of cellulose with lactose. Cellulase production was improved in the mixture substrates of 

cellulose with xylose using T reesei. Cellulase protein has also been produced from 

sugarcane bagasse by Aspergillus niger and T. reesei [199, 202]. Biosynthesis of cellulase 

was also made on lignocellulosic materials such as agro residue [203], sugar cane baggases 

[201], Ocimum gratissimum seed [204], sugar beet pulp and alkaline extracted sugar beet 

pulp and cellulose [166]. Cellulose and hemi cellulose-degrading enzyme was produced on 

wet-oxidized wheat straw using various filamentous fungi [204]. In this study, cellulase 

protein production was made on substrates glucose, xylose, lactose, cellulose, sugarcane 

bagasse, rice straw and mixture of carbon sources using T. reesei QM 9414, 97.177 and 

Tm3. The enzymatic activity of exoglucanase, endoglucanse and (3-glucosidase were 

determined as a function of time. Optimization of D.O. level, pH, temperature, agitator 

speed and medium composition were also made. The growth kinetics of T. reesei 97.177 

and the product formation kinetics for cellulase protein production were investigated. 

2.10 Hydrolysis 

Most processes for the production of ethanol from lignocellulosic materials have 

similar designs based on feedstock handling, hydrolysis, fermentation and distillation. Big 

difference usually lies in how the hydrolysis step is performed. Therefore, the processes 

have been divided into two groups, according to the design of the hydrolysis steps, acid 

and enzymatic hydrolysis processes. 

2.10.1 Chemical hydrolysis 

Dilute acid hydrolysis is fast and easy to perform and it has the advantage of the 

relatively low acid consumption, but is hampered by non-selectivity and by-product 

formation. Namely, high temperatures are required to achieve acceptable rates of 

conversion of cellulose to glucose, but high temperatures increase also the rates of 

hemicellulose sugar decomposition and equipment corrosion. Under these conditions, 

xylose degrades to furfural and glucose degrades to 5-hydroxymethyl furfural (HMF), both 

of which is toxic to microorganisms and can also cause inhibition in the subsequent 
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fermentation stage. The maximum yield of glucose is obtained at high temperatures and 

shorter residence time, but even under these conditions the glucose yield is only between 

50% and 60% of the theoretical. If dilute acids (H2SO4 and HCl) are employed, 

temperatures of 200-240°C at 1.5% acid concentrations are required to hydrolyze the 

crystalline cellulose, but the degradation of glucose into HMF and other non-desired 

products is unavoidable under these conditions. Similarly, xylose is degraded into furfural 

and other compounds. During two-stage regime, a first stage under mild conditions (190 

°C, 0.7% acid, 3 min) was carried out to recover pentoses, while in the second stage, the 

remaining solids underwent harsher conditions (215°C, 0.4% acid, 3 min) to recover 

hexoses. In this way, 50% glucose yield was obtained [205]. One variant of the acid 

hydrolysis was the use of extremely low acid and high temperature conditions during batch 

processes (auto-hydrolysis approach) that had been applied to sawdust [206]. Concentrated 

acid process using 30-70% H2SO4 gave higher glucose yield (90%) and was relatively 

rapid (10-12 h) but the amount of used acid was a critical economic factor. By continuous 

ion-exchange, over 97% acid recovery was possible [206]. 

2.10.2 Enzymatic hydrolysis 

Hydrolysis of cellulose is currently carried out using microbial cellulolytic 

enzymes. Enzymatic hydrolysis has demonstrated better results for. the subsequent 

fermentation because no degradation components of glucose are formed although the. 

process is slower. Most of the commercial cellulases are obtained from Trichoderma 

reesei, though a small portion is obtained from A. niger. Aspergillus niger is a filamentous 

ascomycete that predominantly grows on dead or decaying plant material which is 

composed of cellulose, xylan, pectin, xyloglucan, galactomannan and released the enzymes 

for degrading the same [107]. However, T. reesei releases a mixture of cellulases, among 

which at least two cellobiohydrolases, five endoglucanases, (3-glucosidases and 

hemicellulases can be found [208]. The action of cellobiohydrolases causes a gradual 

decrease in the polymerization degree while endoglucanases cause the rupture of cellulose 

in smaller chains reducing rapidly the polymerization degree. Endoglucanases especially 

act on amorphous cellulose, whereas cellobiohydrolases can act on crystalline cellulose as 

well [209]. Although T. reesei produces some (3-glucosidases, which are responsible of 

hydrolyzing formed cellobiose into two molecules of glucose, their activities are not very 

high. Unfortunately, cellobiohydrolases are inhibited by the cellobiose. For this reason, [i-

glucosidase from other source needs to be added in order to complement the action of the 

cellulases of this fungus. Factorial optimization techniques have been applied for the 
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design of cellulases mixtures from different sources including (3-glucosidase in order to 

maximize the yield of produced glucose [210]. The development of a multicellulase 

plasmid in which the different cellulase genes could be expressed to produce cellulases 

with an optimum ratio from a single cultivation has been suggested. Cellulases should be 

adsorbed on the surface of substrate particles before hydrolysis of insoluble cellulose takes 

place [211, 212]. The three-dimensional structure of these particles in combination with 

their size and shape determines whether (3-glucosidase liinkages are or are not accessible to 

enzymatic attack [212]. This makes cellulose hydrolysis to be slower compared to the 

enzymatic degradation of other biopolymers. For instance, the hydrolysis rate of starch by 

amylases is 100 times faster than hydrolysis rate of cellulose by cellulases under industrial 

processing conditions. 

2.11 Fermentation 

Microorganisms are _ capable of growing on a wide range of substrates and can 

produce a remarkable spectrum of products. Hence the word fermentation means an 

energy-generating process in which organic compounds act as both electron donors and 

acceptors, that is in an anaerobic process energy is produced without the participation of 

oxygen or other inorganic electron acceptors. The growth of a microorganism may resulted 

in the production of a range of metabolites [213, 214] but to produce a particular 

metabolite the desired organism must be grown under precise cultural conditions for a 

reasonable growth rate. 

2.11.1 Principles of ethanol fermentation 

Ethanol fermentation begins with the completion of glycolysis, which is also 

termed the EMP (Embden-Meyerhoff-Parnas) pathway [215]. The EMP is the most 

common reaction for oxidizing glucose to pyruvate which is an important intermediate 

metabolite for most living organisms. The EMP pathway is composed of three stages, 

namely activation of glucose, hexose splitting and energy extraction. In the simplest form, 

production of ethanol from glucose can be expressed by the following equation: 

	

C6H1206 +2Pi+2ADP 
	 2 C2H5OH + 2 CO2  + 2 ATP + 2 H2O 

	

Glucose 	 2 Etahnol+ 2 carbon dioxide +2 Energy 

;d 



Ethanol is formed as an end product of the EMI' pathway. First, acetaldehyde is 

produced from pyruvate by reducing a molecule of CO2 out of pyruvate, and then 

acetaldehyde is reduced to ethanol along the redox reaction between NADH and NAD+. 

Besides ethanol, lactic acid is another end product of microbial fermentation. 

Methods for C6 sugar fermentation were already known (at least) 6000 years ago, 

when Sumerians, Babylonians and Egyptians began to perfect and describe the process of 

making beer from grain (starch) and it became possible to free the C6 sugars in 

lignocellulosic crops (end 19th century). Only in the 1980s research on xylose 

fermentation began to bear fruit, when a number of wild type yeast were identified that 

could convert xylose to ethanol [216]. 

A variety of microorganisms, generally either bacteria, yeast, fungi, ferment 

carbohydrates to ethanol under oxygen-free conditions. They do so to obtain energy and to 

grow. According to the reactions, the theoretical maximum yield is 0.51 kg ethanol and 

0.49 kg carbon dioxide per kg sugar: 

	

3C5H1005 	 5C2H50H + 5CO2 	(1) 

xylose 	 ethanol 

	

C6H1206 	► 	2C2H50H + 2CO2 	(2) 

	

glucose 	 ethanol 

Since certain types of inhibitors are formed during acid pretreatment such as acetic 

acid, furfural, and lignin-derived compounds [217], commercial organisms capable of 

fermenting reducing sugars must be able to function normally in the large-scale 

environment and tolerate various toxic compounds contained in the hydrolysate [21]. By 

studying the natural yeast strains that can convert -hexoses and pentoses to ethanol, 

researchers are trying to optimize the conditions for cell growth and fermentation, 

including hydrolysate composition, pH and acetate concentration. 

Sreenath and Jeffries conducted a study that focused on the fermentation ability of 

Candida shehatae and Pichia stipitis strains on wood hydrolysate with 1:1 mixture of 

glucose and xylose [217]. It was reported that the optimum ethanol production rate was 

obtained for a pH range between 5.5 and 6.0, and an ethanol yield of 0.41-0.46 g/g glucose 

and xylose could be achieved within these optimized batches. Additionally, the loading of 

microbial cells and cell recycle were also of great importance in enhancing ethanol 

production (Table 2.5). 
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2.11.2 Ethanol production by bacteria 

Ethanol-producing bacteria have attracted much attention in recent years because 

their growth rate is substantially higher than that of the Saccharomyces, presently used for 

production of fuel alcohol and, with the recent advances in biotechnology, they proved 

their potential to play a key role in making production of ethanol more economical [215]. 

Among such ethanol-producing bacteria, Z. mobilis is a well-known organism used 

historically in tropical areas to make alcoholic beverages from plant sap [218]. The 

advantages of Z. mobilis are its high growth rate and specific ethanol production; 

unfortunately, its fermentable carbohydrates are limited to glucose, fructose and sucrose. 

On the other hand, the Gram-negative strain Zymobacter palmae, which was isolated by 

Okamoto et al. (1993) using a broad range of carbohydrate substrates, is a facultative 

anaerobe that ferments hexoses, di and tri-saccharides, and sugar alcohols (fructose, 

galactose, glucose, mannose, maltose, melibiose, sucrose, raffinose, mannitol and sorbitol) 

[219]. This strain produces approximately 2 mol of ethanol per mole of glucose without 

accumulation of by products and shows productivity similar to that of Z. mobilis [220]. 

2.11.3 Ethanol production by yeasts 

Metabolic pathway engineering is constrained by the thermodynamics and 

stoichiometric feasibility of enzymatic activities of introduced genes. Engineering of 

xylose metabolism in S. cerevisiae is focused on introducing genes for the initial xylose 

assimilation steps from P. stipitis, a xylose-fermenting yeast, into S. cerevisiae, a yeast 

traditionally used in ethanol production from hexose. However, recombinant S. cerevisiae 

created in several laboratories have used xylose oxidatively rather than in the fermentative 

manner that this yeast metabolizes glucose [221]. D-Xylose is a major component of the 

hydrolyzate of hemicellulose from biomass. Therefore, ethanol production from xylose is 

essential for successful utilization of lignocellulose [25]. Many bacteria, yeast, and fungi 

assimilate xylose, but only a few metabolize it to ethanol [26]. Xylose-fermenting yeasts, 

such as P. stipitis, Pachysolen tannophilus and Candida shehatae require precisely 

regulated oxygenation for maximal ethanol production [222, 223], and detoxification of the 

hydrolysate, because they withstand the inhibitory environment of lignocellulose 

hydrolysates poorly [224, 225, 226, 227]. 
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Substrates 	Organism 

Corn stover P. stipitis 

Pro sopis juliflora P. stipitis 

Rice straw P. stipitis 

Sun flower seed hull P. stipitis 

Sugar cane bagasse Pachysolen 

tannophilus 

Sugar maple P. stipitis 

Corn stover P. stipitis 

Sugar cane bagasse Pachysolen 

tannophilus 

Corn stover P. stipitis 

Red oak wood chips P. stipitis 

Red oak spent sulfite P. stipitis 

liquor 

22.3 

10.4 

12 

14. 

9 

6 

5.16 

5-18.4 

0.43 

0.34 

0.31 

0.36 

0.45 

0.40 

0.33 

0.39-0.41 

0.46 

0.43 

239 

240 

240 

240 

241 

243 

244 

245 

246 

246 

246 

247 

248 

249 

22 

28 

33.5 
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Table 2.5 Bioethanol production by different microorganisms 

Sugar Ethanol Ethanol Reference 

(gn) (gn) yield (g/g) 
40 15.92 0.4 228 

18 7.1 0.39 229 

33 14.9 0.45 230 

34 11 0.32 231 

63.5 19 0.34 232 

35 12.4 0.35 233 

40 15 0.37 234 

30 8.67 0.29 235 

60 25 0.42 236 

36 14.5 0.40 237 

49 20.2 0.41 238 

Wheat straw P. stipitis 52 

Corn cob P. stipitis 30 

Poplar P. stipitis 39 

Switch grass Candida shehatae 39 

Rice straw Candida shehatae 20 

Rice straw P. stipitis 15 

L. camara P. stipitis 16.8 

Molasses S. cerevisiae 1.6-5.0 

Corn fiber Escherichia coli 

Corn stover E. coli FBR5 

Spruce S. cerevisiae 

Sugar mixture S. cerevisiae 1400 58 

Sugar mixture S. cerevisiae BH42 100 

Sugar mixture Z. mobilis 80 
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2.11.4 Separate hydrolysis and fermentation (SHF) 

When sequential process is utilized, solid fraction of pretreated lignocellulosic 

material undergoes hydrolysis (saccharification). This fraction contains cellulose. Once 

hydrolysis is completed, the resulting cellulose hydrolyzate is fermented and converted 

into ethanol. One of the main features of the SHF process is that each step can be 

performed at its optimal operating conditions. The most important factors to be taken into 

account for saccharification step are reaction time, temperature, pH, enzyme dosage and 

substrate load. By testing lignocellulosic material from sugar cane leaves, It was found that 

the best values of all these parameters varying in each experimental series the value of one 

of the factors fixing the other ones [250]. Hydrolysis tests for steam-pretreated spruce also 

indicate the need of high enzyme loadings of both cellulases and 13-glucosidase to achieve 

cellulose conversions greater than 70% due to the less degradability of the softwood [251]. 

The composition of lignocellulosic material has an important influence on the enzyme 

dosage as claimed in a patent [252]. In particular, the ratio of arabinan plus xylan to total 

non starch polysaccharides determines its relative cellulase requirement to 'convert the 

cellulose to glucose. Thus, . higher this ratio, the less enzyme is required after the 

pretreatment, and hence the more economical the production of ethanol. 65-70% cellulose 

conversion was achieved at 50°C and pH of 4.5. Although enzyme doses of 100 FPU/g 

cellulose caused almost a 100%. hydrolysis, this amount of cellulases is not economically 

justifiable. 

2.11.5 Simultaneous saccharification and fermentation (SSF) 

The SSF process shows more attractive indices than the SHF as higher ethanol 

yields and less energetic consumption. In this case, the cellulases and microorganisms are 

added to the same process unit allowing the glucose - formed during the enzymatic 

hydrolysis of cellulose be immediately consumed by the microbial cells converting it into 

ethanol. Thus, the inhibition effect caused by the sugars over the cellulases is neutralized. 

However, the need of employing more dilute media to reach suitable rheological properties 

makes that final product concentration low. In addition, this process operates at non-

optimal conditions for hydrolysis and requires higher enzyme dosage, which positively 

influences on substrate conversion, but negatively on process costs. SSF of pretreated 

spruce with a xylose fermenting recombinant strain of Saccharomyces cerevisiae was 

performed which showed up to 77% of xylose utilization and 85% of the theoretical yield 
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of ethanol [253]. Considering that the enzymes account for an important part of production 

costs, it is necessary to find methods reducing the cellulases doses. With this aim, addition 

of surfactants has been proposed. Alkasrawi et al. showed that the addition of the non-ionic 

surfactant Tween-20 to the steam exploded wood during a batch SSF using S. cerevisiae 

had some effects: 8% increase in ethanol yield, 50% reduction in cellulases dosage (from 

44 FPU/g cellulose to 22 FPU/g cellulose), increase of enzyme activity at the end of the 

process, and decrease in the time required for reaching the highest ethanol concentration 

[254]. It is postulated that the surfactant avoids or diminishes the non-useful adsorption of 

cellulases to the lignin. However, Saha et al. obtained marginal increases (3.5%) in 

saccharification of rice hulls using 2.5 g/L of Tween 20 [255]. 

2.11.6 Fermentation of pentose 

Currently, fermentation of a mixture of hexoses and pentoses is inefficient. This is 

one of the major restrictions for the commercial scale-up of bioethanol production from 

cellulosic feedstocks, since the hydrolysate of these feedstocks comprises of both hexoses 

and pentoses in the same broth rather than merely hexoses, as in corn and sugarcane. Yeast 

S. cerevisiae is only able to metabolize hexoses, such as glucose, galactose and mannose as 

substrates for fermentation. Pentoses, however, are not consumed by S. cerevisiae to yield 

ethanol. Therefore, the presence of pentose complicates the fermentation process [21]. 

The metabolism of D-xylose by some natural occurring bacteria and other yeasts 

(Candida shehatae, Pichia stipitis and Pachysolen tannophilus) has been extensively 

studied [155, 256, 257]. Bacteria can directly convert xylose to xylulose with xylose 

isomerase. However, yeasts that are capable of consuming pentose, first reduce xylose to 

xylitol with NADPH-dependent xylose reductase, and then convert xylitol to xylulose with 

NAD+-dependent xylitol dehydrogenase. Thereafter, xylulose is converted to xylulose-5-

phosphate by xylulokinase. Through the pentose phosphate pathway (PPP), xylulose-5-

phosphate, the central metabolite, can be converted to fructose-6-phosphate, then via 

glycolysis, pyruvate is produced as an intermediate in ethanol production. However, wild-

type strains of S. cerevisiae are unable to ferment D-xylose directly and can only act on 

xylulose to produce ethanol when exogenous xylose isomerase is introduced to the D-

xylose containing system [256]. Various approaches have been extensively tested to 

genetically modify the gene of S. cerevisiae to endow it with the ability to ferment both 5C 

and 6C sugars. Since the production of ethanol from mixed sugar hydrolyzates has not 

reached a commercially acceptable yield as of now [21], more research is needed for 

further improvement. Ho and Tsao constructed a Saccharomyces cerevisiae strain that 
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contained several categories of enzymes needed; the recombinant strain was reported to 

have the ability to effectively ferment both glucose and xylose, which helped to make 

cellulosic biomass-to-ethanol technology closer to commercialization [258]. 

2.12 Product recovery 

Ethanol from the fermentation broth is recovered by distillation followed by a 

dehydration step. Ethanol and water forms an azeotropic mixture of 95 percent ethanol and 

5 percent water by volume. In the past, ternary azeotropic distillation using an agent such 

as benzene, cyclohexane, diethyl ether, and n-pentane was employed to produce anhydrous 

ethanol .46 Molecular sieves currently are used for dehydration of 95 percent ethanol. 

Molecular sieves are synthetic zeolite adsorbents having cylindrical or spherical shapes 

manufactured from materials such as potassium aluminosilicates. 

2.13 Residual solids/power production 

The main solid residual from the bioethanol process from lignocellulosic material is 

lignin. Its amount and quality differs with feedstock and the applied process. Production of 

coproducts from lignin, such as high-octane hydrocarbon fuel additives, may be important 

to the competitiveness of the process. Lignin can replace phenol in the widely used phenol 

formaldehyde resins. Both production costs and market value of these products are 

complex. In corn based ethanol plants the stillage (20% protein) is very valuable as animal 

feed. In this study all residual solids (lignin, residual holocellulose compounds, and cell 

mass) are assumed to be deployed for production of heat and electricity. 

The solids come available at 60% moisture and are dried '(using steam) to 15%. To 

generate electricity and heat, at small scale (30 MWe) probably a boiler with steam turbine 

would be applied. At larger scale a gasifier combined cycle (higher efficiency) may 

become attractive. 
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Chapter 3 
Materials and methods 

3.1 Lignocellulosic material (Substrate) 

The Kans grass (Saccharum spontaneum, a perennial grass, growing up to three 
meters in height with spreading rhizomatous roots that quickly colonize on disturbed soil 

and allowed it to become an invasive species over croplands, pasturelands as well as waste 

land) used in present study was obtained from various parts of Uttrakhand (India) (Fig 3.1). 

It was chopped in to small pieces of about up to 0.5-1.0 cm, washed thoroughly and dried 
at 60°C over night and stored at room temperature (Fig 3.2 (a) and (b)). All the steps 
involved in bioethanol production in present study are outlined in Fig 3.3. 
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Fig. 3.1 Kans grass (Saccharum spontaneum) 
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(a) 

I 
Size reduction up to 0.5-1.0 cm 

'washed & dried at 60°(: 

I 

(b) 

Fig. 3.2 Size reduction of Kans grass (a) Kans grass (b) Kans grass after washing and size 

reduction 
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Materials & methods 

3.2.3 Acid insoluble lignin estimation 

Acid insoluble lignin (AIL) and acid soluble lignin (ASL) in biomass were 

measured according to the NREL [261]. For the analysis approximately 0.3 g moisture-free 

switch grass biomass was weighed and placed in 250 ml conical flask in triplicate. Three 

millilitres of 72% (v/v) sulphuric acid was added to each conical flask and the acid-soaked 

biomass was incubated for 1 h in water bath at 30°C. The mixture was stirred at the 

beginning and occasionally during the incubation process to ensure complete contact 

between acid and biomass particles. After completion of incubation, conical flasks were 

removed from the water bath and acid was diluted by adding 84 ml deionised water to. 

reduce the concentration to 4%. All conical flasks were sealed and autoclaved for 1 h at 

121°C/15 psi. Samples, allowed to cool to room temperature after autoclaving and were 

then filtered. The filtrate was saved separately in tubes at '4°C for acid soluble lignin. 

Solids residue was rinsed with deionised water and dried in a muffin furnance at 105°C for 

16 h. The crucibles were transferred to the desiccator, weighed and placed in the furnace at 

500°C for 24 h. The total weight of crucibles together with the solid residue ash was 

measured. Acid insoluble lignin was calculated using Equation: 

Percent Acid Insoluble Lignin = Wl-W2 x 100 
W 

Where, W = weight of the moisture free sample determined by multiplying 40°C: 

oven- dried sample weight (g) by `% total solids' 

W 1 = total weight of crucible and the solid residue after drying at 105°C 

in the oven (g); 

W2 = total weight of crucible and ash after burning 'at 500°C in the furnace 

3.2.4 Acid soluble lignin estimation 

The filtrate saved during acid insoluble lignin analysis was used for acid soluble 

lignin measurement in a quartz cuvette with a spectrophotometer (Carry UV- Vis, Varians 

spectrophotometer). The wavelength was set at 205 nm [262] and the filtrate was diluted 

10-fold to bring the absorbance between 0.1 and 1.0. Four percent sulphuric acid was also 

diluted 10-fold and used as blank in spectrophotometer measurement. Acid soluble lignin 

was calculated as follows: 

UV abs x FiltrateVolume x Dilution x --1L  

Percent Acid Soluble Lignin = 	 W 	 1000ml x 100 
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Where, 

4̀ 	A = absorbance at 205 nm UVabs b X a 
b = cell path length (1 cm), 
a = absorptivity which equals 110 L/(g•cm) 

Filtrate volume = 87 ml 

Dilution = 10 

W = weight of the moisture free sample for the grass (g). 

3.2.5 Total lignin 

Total lignin was estimated as the summation of the acid soluble and acid insoluble 

lignin content and presented as Lignin content dry wt basis. 

3.2.6 Holocellulose content determination 

To 2.5 g of sample, 80 ml of hot distilled water was added with addition of 0.5 ml 

acetic acid, and 1 g of sodium chlorite in a 250 ml Erlenmeyer flask [263]. The mixture 

was heated on a water bath at 70°C. After 60 min, 0.5 ml of acetic acid and 1 g of sodium 

chlorite were added. After each succeeding hour, fresh portions of 0.5 ml acetic acid and 1 

g sodium chlorite were added with shaking. Addition of 0.5 ml acetic acid and 1 g of 

sodium chlorite is repeated four times and the samples were left without further addition of 

acetic acid and sodium chlorite in the water bath overnight. After 24 hours of reaction 

samples were cooled and filtered the holocellulose on filter paper using a Buchner funnel 

to remove the yellow colour and the odour of chlorine dioxide was removed. Further the 

residue was washed with acetone and dried at 105°C for 24 hours, placed in 0. desiccator 

for an hour and weighed. 

3.2.7 Hemicellulose and cellulose content estimation 

Hemicellulose was estimated as per the method describe by Han [263]. 

Approximately 2 g of vacuum-oven dried holocellulose was weighted and place into a 250-

mL glass beaker with a glass cover. 25 mL of 17.5% NaOH solution was prepared in a a 

graduated cylinder and maintain at 20°C. 10 mL of 17.5% NaOH solution was added to the 

holocellulose in the 250-mL beaker, covered with a watch glass, and maintain at 20°C. 

Holocellulose was mixed lightly with a glass rod with the flat end and After 2 minutes, 

manipulated the specimen with the glass rod and stirred until the particles were separated 

from one another. After the addition of the first portion of 17.5% NaOH solution to the 

specimen, 5 ml of NaOH solution was added at 5 minutes intervals for three times and 
4r. 
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allowed the mixture to stand at 20°C for 30 min, making the total time for NaOH treatment 

45 min. 33 ml of distilled water was added at 20°C to the mixture and allowed to stand at 

20°C for 1 hour before filtering, transferred the entire holocellulose residue to the crucible, 

and washed with 100 ml of 8.3% NaOH solution at 20°C. After the NaOH wash solution 

has passed through the residue in the crucible, the washing was continue at 20°C with 

distilled water, till it is ensured that every thing has been transferred from the 250-m1 

beaker to the crucible. Poured 15m1 of 10% acetic acid (at room temperature) to make 

neutral pH and finally the sample was washed by 250 mL of distilled water. The sample 

was placed in an oven to dry at 105°C. Cellulose content was estimated as difference 

between holocellulose and hemicellulose contents. 

a — cellulose(%) = l x 100 

W2 = weight of the oven-dry hemi cellulose residue 

W 1 = weight of the original oven-dry holocellulose sample 

3.3 Dilute H2SO4 pretreatment 

Dilute acid (H2SO4) pretreatment of Kans grass biomass (5% w/v) was done by 

treated the biomass with different sulphuric acid concentrations (0.5, 1, 1.5 and 2% w/v) 

for variable reaction time (30, 60, 90 and 120 minutes) at different temperatures (100,110 

and 120°C) in an autoclave with biomass size 0.5-1.0 cm. After pretreatment, solid residue 

obtained was separated from the liquid portion. The liquid fraction (acid hydrolysate) was 

kept at -20°C for the analysis of total reducing sugars, xylose, arabinose, glucose, furfiiral 

and acetic acid concentration. However, the collected solids were washed with distilled 

water to obtained neutral pH, dried at 60°C. These Portions of the solid residues were used 

for determination of total residual solid, holocellulose and lignin content. The reduction in 

lignin following pretreatment was calculated based on the initial dry-weight of lignin in the 

untreated sample.  and the dry-weight of lignin in the remaining solids after pretreatment. 

All the experiments performed in three sets of independent experiments. 

3.4 Dilute NaOH pretreatment 

Dilute alkali (NaOH) pretreatment of Kans grass biomass (5% w/v) was done by 

treated the biomass (0.5-1.0 cm) with different sodium hydroxide concentrations (0.5, 1, 

1.5 and 2% w/v) for variable reaction time (30, 60, 90 and 120 minutes) at different. 

47 



Materials & methods 

temperatures (100,110 and 120°C) in an autoclave. After pretreatment, solid residue 

obtained was separated from the liquid portion. The liquid fraction (hydrolysate) was kept 

at -20°C for the analysis of total reducing sugars, xylose. However, the collected solids 

were washed with distilled water to obtained neutral pH, dried at 60°C/. These Portions of 

the solid. residues were used for determination of total residual solid, holocellulose and 

lignin content. The reduction in lignin following pretreatment was calculated based on the 

initial dry-weight of lignin in the untreated sample and the dry-weight of lignin in the 

remaining solids after pretreatment. All experiment were carried out in triplicates. 

3.5 Estimation of toxic compounds (furfural and acetic acid) 

Furfural determination was performed using molybdic acid complex method. added 5 

ml of molybdic acid solution (250 mg in 5 ml of 10% NaOH + water to 100 ml) was added 

to 5 ml of the sample solution, shaked and kept in a boiling water bath for 1 h, after cooling 

transferred to a volumetric flask and make up to 25m1 with water. The absorbance was 

measured against a reagent blank at 331 rim. A parallel control experiment with out 

molybdic acid solution addition (used distilled water) was also performed with the samples 

and difference between the working and this control absorbance was used in the calculation. 

A calibration curve was prepared and used to estimate the furfural concentration in the 

sample. This method of estimation of furfural was used by Shukla and Sharma [264]. 

However, Acetic acid was analyzed by GC (capillary column) at column temperature 100°C 

for 1 min and then enhanced to 180°C with a rate of 10°C/min. The injector and detector 

temperatures were set at 210°C with carrier gas as N2 with a flow rate of 1ml/min. 

3.6 Detoxification of acid hydrolysate 

Acid-hydrolysate (obtained after acid pretreatment of biomass) may have several 

toxic compound which may inhibit the microbial growth during fermentation so 

detoxification of these compounds was performed-  that lowers the concentration of toxic 

compounds. The acid-hydrolysate was preheated to a temperature of 42°C and then the pH 

was adjusted to 10-10.5 by the addition of Ca(OH)2. Temperature was increased to 50-52°C 

due to addition of lime, that temperature was maintained for 30 minutes. This process brings 

about detoxification by precipitating toxic compounds and also destabilise some inhibitors 

[206]. Insoluble residues were removed by filtration and centrifugation to get clear 

supernatant for further use after adjusting the pH to 5 by 10 N H2SO4. Estimation of 

inhibitors, furfural and acetic were done without detoxification (only neutralization of 

hydrolysate by adjusting pH between 5 to 5.5 by addition of NaOH and after detoxification. 
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3.7 Trichoderma reesei and maintenance 

Fungal strain Trichoderma reesei NCIM 1052 was procured from NCIM Pune and 

was used as source of cellulase enzyme production, grown and maintained on potato 

dextrose agar (PDA) at 30°C for one week. The culture plate with spores was washed with 

autoclaved distilled water and the suspension form was further used as seed culture after 

the spore counting. 

3.8 Cellulase production media 

The composition of basal medium for production of cellulase [266] is as follows 

(g/1): KH2PO4, 2.0; Urea, 0.3; MgSO4.7H20, 0.3; CaC12.2H20, 0.3 and mineral salt solution 

(mg/1): FeSO4.7H20, 5.0; MnSO4.H20, 1.6; ZnSO4.7H20, 1.4; CoC12.6H20, 2.0. In 

addition peptone (0.1%), Tween 80 (polyoxyethylene sorbitan monoleate) 0.1% and l Og/l, 

carbon sources (cellulose, glucose, lactose and xylose) was added to the medium to induce 

cellulase production at different pH (4, 5 and 6) and temperatures (25, 28 and 30°C). The 
media was seeded with a suspension of T. reesei spores (2x109spores/ml) and submerged 

culture was incubated at 200 rpm at different temperatures. 5ml samples were taken out 

periodically centrifuged at 10,000 rpm for 15 minutes and supernatant was stored at -20°C 

for further analysis of enzyme activities (CMCase, FPA and xylanase), total protein and 

sugars consumption. The pallet was used to estimate dry cell biomass. Three sets of 

experiments were performed. 

3.9 Enzymatic saccharification of acid pretreated Kans grass biomass 

The culture supernatant with optimum CMCase activity obtained from T reesei 

was used as source of cellulases enzyme mixture for the hydrolysis of the substrate 

(untreated Kans grass or acid pretreated). The acid pretreated Kans grass biomass (0.5-1cm 

particle size) obtained after optimized condition (2% v/v H2SO4,  120°C and 90 minutes 

reaction time) for maximum total reducing sugar removal which mainly composed of 

hemicellulosic portion was utilized in present study for enzymatic saccharification. The 

250 ml conical flasks containing citrate buffer (0.05M, pH 4.8) with different biomass 

loading of pretreated or untreated Kans grass (1, 2, 2.5,5 and 6% (w/v)) were autoclaved 

and 20 FPU/g dry biomass (gdb) of filtered sterilized crude T reesei cellulases was added 

aseptically after autoclaving and cooling to room temperature. The flasks were incubated at 

50°C for 96 hours, at 200rpm. Samples collected at 12 hours of interval and analyzed for 

total reducing sugars (TRS) liberated. The pure commercial cellulase enzyme (Sigma 
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Aldrich, Germany) was used as control in this study. The results shown are the mean of 

three independent experiments. 

3.10 Enzymatic saccharification of alkali (NaOH) pretreated Kans grass biomass 

Dilute NaOH pre-treatment was carried out with biomass (0.5-1.0 cm particle size) 

different NaOH , concentrations, time and temperatures and the condition were optimized 

for maximum • removal of lignin. At 120°C the maximum removal of lignin (14-79.30%) 

was observed.  with solubilization •of sugars. As more the lignin was removed the 

solubilization of total reducing sugars was also observed thereby the reduction of 

holocellulose content of the biomass. Hence the solid residue remained (NaOH 

concentration and pretreatment duration) after pretreatment were washed with distilled 

water and dried at 60°C over night and used for enzymatic saccharification. 

The 250 ml conical flasks containing citrate buffer (0.05 M, pH 4.8) with different 

biomass loading of NaOH pretreated Kans grass (2, 4, 5 and 6% (w/v)) were autoclaved 

and cooled and then 20 FPU/g dry biomass (gdb) of filtered sterilized crude T reesei 

cellulases was added aseptically. The flasks were incubated at 50°C for 96 hours, at 

200rpm. Samples collected at 12 hours interval and analyzed for total reducing sugars 

(TRS) liberated. The results shown are the mean of three independent experiments. 

3.11 Estimation of cellulases (Endoglucanase or CMCase, FPA and xylanase) activity 

The supernatant of T. reesei production media obtained after regular intervals of time 

was analyzed for endoglucanase, cellulase and xylanase activity. Endoglucanase activity 

(CMCase) activity was estimated using the method described by Xiao [267], whereas 

Xylanase activity was measured using oat spelt xylan as substrate and method described by 

Bailey [268]. Cellulase activity (measured, as filter paper hydrolyzing activity, using a 1x6 cm 

strip of Whatman no. 1 filter paper) was assayed according to the method recommended by 

Ghosh [269]. One unit of enzyme (CMC, FPU and xylanase) is defined as one micro mol 

production of glucose/xylose per ml per minute. All colorimetric observations were recorded 

using UV—Vis Spectrophotometer. The total reducing sugars were analysed by DNS method 

[270].  

3.12 Estimation of total protein 

Protein estimation was done by Bradford method using BSA as standard protein 

[271].  
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3.13 Sugars estimation 

Total reducing sugars were estimated by DNS method [270], xylose estimation was 

done by phloroglucinol assay [272] however analysis of glucose was done by oxidase-

peroxides method [273]. Arabinose was analyzed by HPLC (verians HPLC system) on RI 

detector, with mobile phase as 0.05mM H2SO4 at 0.8ml/min flow rate and calculated from 

corresponding standard. 	 t71 "9  
G' G,zs?2;~,p ACC Nn 	

L .. .......  

// 3.14 Cell mass estimation of T. reesei  

Dry cell mass of T. reesei was estimated by t 	, clan 	ple at 24 hours 

interval the sample was centrifuged (15,000 rpm for 20 minutes) and the pallet was dried 

overnight at 60°C using the pre-weighted Filter paper and the cell mass was estimated as 

the difference between the filter paper with fungal biomass to that of blank paper. 

Supernatant was stored at -20°C for further analysis. 

3.15 Maintenance and adaptation of P. stipitis to acid hydrolysate and fermentability 

test 

Pichia stipitis strain (NCIM 3497), obtained from NCIM, Pune, India, was grown at 

30°C and maintain at 4°C on MGYP agar plates containing (g/1): glucose, 10; yeast extract, 

30; peptone, 5; agar 20 (pH 5.0). An adaptation for P. stipitis (wild strain) was done by 

sequentially transferring and growing the cell in the media containing increase concentration 

of non detoxified acid hydrolysate (20, 40, 60 and 80% v/v) obtained after optimization of 

acid pretreatment. The hydrolysate was supplemented with (g/1); xylose 50; yeast extract 5; 

protease peptone 10 (pH 5.0) and allowed to grow at 30°C at 150 rpm. An `Acid adaptive 

strain' was identified, that tolerated up to 60% of acid hydrolysate concentration and no 

growth was observed above 60% of acid hydrolysate. This adaptive yeast strain was 

maintained at agar plates containing (g/1); xylose 30; yeast extract, 15; peptone and agar, 2 in 

50% v/v hydrolysate. The resulted strain was sub cultured to ensure the stability of tolerance 

of hydrolysate and was monitored through estimation of cell biomass and ethanol 

concentration. The comparative study between wild and `adaptive' strain was done by 

cultivating both the strains in detoxified (treatment with Ca(OH)2 mentioned in chapter 3) as 

well as neutralised (only adjustment of pH to 5) acid hydrolysate media and estimation of 

ethanol, cell biomass and sugars consumption were done. 

The fermentation media consists of the following composition: (g/l): yeast extract, 

1; (N1-14)HPO4, 2; (NH4 )SO4, 1; MgSO4 7H20, 0.25; and trace element solution 1 ml per 

litre. The trace element solution contained (g/1): CuSO4•H2O, 2.5; FeCl3.6H2O, 2.7; 
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MnSO4•H2O, 1.7; Na2Mo2O4.2H2O, 2.42; ZnSO4.7H2O, 2.87; CaC12.6H2O, 2.4 and 

concentrated sulphuric acid (18N), 0.5 ml. Medium pH was adjusted to 5.0 [274]. 

Fermentation was carried out in conical flasks with 100 ml working media 

(DAH/neutralised hydrolysate and all above mentioned components) on a orbital shaker 

(150 rpm) with addition of 5% (v/v) of mid .exponential phase (16 h) inoculum (wild 

/adaptive) at a temperature of 30°C, the initial pH was adjusted to 5.0. Aliquots of 5 ml 

were withdrawn periodically for the estimation of cell mass, ethanol and residual sugars in 

fermentation broth. All the experiments were performed in triplicates. 

3.16 Maintenance and cultivation of Saccharomyces cerevisiae 

The yeast strain Saccharomyces cerevisiae (MTCC 170), procured from MTCC, 

IMTECH, Chandigarh India, was grown at 30°C and kept at 4°C on MGYP agar plates 

containing (g.L"1) glucose, 10; yeast extract, 3;malt extract,3; peptone, 5; agar 20 (pH 5.0). 

Fermentation was carried out with sugar hydrolysate by supplementation of other essential 

medium components [275] (g/1) yeast extract, 6.0; CaC12.2H20, 0.3; (NH4)2SO4, 4.0; 

MgSO4.7H20, 1.0 and KH2PO4, 1.5 (pH 5.5) in conical flasks with 100 ml working media 

on a shaker (150 rpm) with addition of 5% (v/v) of mid exponential phase (12 h) inoculum 

at a temperature of 30°C, the initial pH was adjusted to 5.0. A parallel control experiment 

was also carried out by using additive synthetic sugars with all other media components. 

All experiments were performed in triplicates. 

3.17 Production of ethanol from concentrated detoxified Acid hydrolysate (DAH) 

obtained after acid pretreatment 

Kans grass biomass was -  pretreated with dilute H2SO4 (optimised condition) to 

obtained the maximum soluble sugars and after detoxification the hydrolysate was utilised 

for the ethanol production. The detoxified hydrolysate composed of 11.66 g/1 of total 

reducing sugars. The sugars concentration of the detoxified acid hydrolysate (DAH) was 

increased to 60 and 90.5 g/1 by lyophilization and fermentation experiments were carried out 

for ethanol production with P. stipitis (adaptive strain) in production media. A parallel 

experiment in media with synthetic sugar in place of DAH was also carried out. 5m1 of 

sample were withdrawn at regular intervals of time for the quantification of ethanol, cell 

biomass and total reducing sugars. All the experiments were carried out in triplicates and the 

results shown are the mean of the three independent experiments with the corresponding 

standard deviation. 
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3.18 Ethanol production from hydrolysate obtained after enzymatic hydrolysis of acid 
(H2SO4) pretreated Kans grass 

The solid residue remained after dilute H2SO4  pretreatment was hydrolysed with the 
crude enzyme and resulted soluble sugar was utilised for ethanol production by both P. 
stipitis and S. cerevisiae separately. The initial sugars concentration was adjusted to 10 g/l 

and also a control experiment was carried out with 10 g/1 of pure glucose as carbon sources. 

5m1 of sample were withdrawn at regular intervals of time for estimation of ethanol 

concentration, cell biomass and total reducing sugars. All the experiments were performed in 

triplicates. 

3.19 Ethanol production from hydrolysate obtained after enzymatic hydrolysis of 

NaOH pretreated Kans grass biomass 

NaOH pretreatment condition were optimised for maximum removal of lignin from 

Kans grass biomass and again for the maximum released of the soluble sugars after 

enzymatic (crude) hydrolysis from NaOH pretreated solid residue were recovered. The sugar 

hydrolysate was further used for the ethanol production by using P. stipitis and S. cerevisiae 

respectively. 

3.20 Biomass estimation for P. stipitis and S. cerevceai 

To estimate dry cell biomass of the yeasts, a calibration curve between optical 

density and biomass concentration was prepared. The optical density of the samples was 

measured at 600 nm and dry cell biomass was further calculated from calibration curve. 

3.21 Ethanol determination 

Analysis of ethanol was carried out by using a capillary gas chromatograph (DANI 

GC) coupled with a flame ionization detector on a solgel wax column. The column 

temperature was initially adjusted at 100°C for 2 minutes; it was increased to 180°C for 1 

minute at a rate of 10°C/min and was further increased to 220°C with a rate of 5°C/min for. 

5 minutes. The injection and detector temperatures were set at 210°C. The carrier gas (N2) 

flow-rate was kept at 1 ml/min whereas auxiliary and hydrogen gas flow rates were 

maintained at 350 and 30 ml/min respectively. 

3.22 SEM analysis 
Untreated as well as pretreated Kans grass samples were scanned under SEM (model 

no. LEO 435VF, England) for the morphological structure analysis. 
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Chapter 4 
Results and Discussion 

4.1 Composition of Kans grass 

Kans grass biomass which is known as one of the cultivar of switchgrass. The composition 

of Kans grass and other agricultural by products vary depending on the growing location, 

season, and harvesting methods. The composition of the Kans grass used in this study from 

Uttrakhand India is shown in Table 4.1. The holocellulose content was estimated to be 

64.73% of dry wt. which composed of cellulose (43.68%) and hemicellulose (21.05%). 

The compositions of the other switch grass verities are given in Table 4.2 in which the 

holocellulose content is found to be in the range of 56.67-63.32% and thus it is evident 

from the Table 4.2 that the total carbohydrate content (holocellulose) is found to be highest 

among all other varieties of switch grass studied by different researcher. Moreover, the 

carbohydrate content of Kans grass is fairly comparable with other lignocellulosics like 

sugarcane baggase (67.15%), corn stover (58.29%), wheat straw (54%), and sorghum straw 

(61%) [277], and widely accepted switch grass (52.9%) [278]. Hence, total carbohydrate 

content (64.73%w/w) makes Kans grass as the potential biomass source for the production 

of ethanol. Glucan and xylan, with a ratio of about 3:2, are two of the most abundant 

polysaccharides synthesized from glucose and xylose respectively and in switch grass 

samples contribute to approximately 40-50% of the dry matter. 

The moisture and ash content of Kans grass biomass were calculated to be 4.70 ± 

0.055 and 2.10 f 0.2% while lignin content was estimated to be 25.15 ± 0.55% (Table 4.1). 

Lignin is the main component of plant structure that provides strength by stiffening and 

holding the fibers of polysaccharides hence it acts as a sealing agents between cellulose 

and hemicellulose. In comparison to other switch grass varieties, [279] Kans grass has 

higher lignin content but due to its cultivation on waste land, low cultivation cost, less need 

of water, no extra pressure on cultivation land and availability of biomass throughout the 

year are the reasons to make it to utilise as sugars source [15]. The other components were 

found to be 3.32% which may contain different extractives such as proteins or fatty acids. 
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Table 4.1 Composition of Kans grass 

Component 	% dry weights basis 

Holocellulose 

Cellulose 

Hemicellulose 

Lignin 

Moisture 

Ash 

Others 

64.73 ± 0.55 

43.68±0.54 

21.05±0.46. 

25.15 ± 0.55 

4.70 ± 0.055 

2.10 ± 0.2 

3.32± 0.25 

Table 4.2 Composition (% dry basis) of different switchgrass varieties 

Switchgrass varieties 	Holocellulose Cellulose Hemicellulose Lignin 

Alamo (whole plant) 59.59 33.48 26.10 17.35 

Blackwell (whole plant) 60.99 33.65 26.29 17.77 

Trailblazer (whole plant) 58.30 32.06 26.24 18.14 

Cave-in-Rock (whole plant) 59.07 32.11 26.96 17.47 

Kanlow - leaves 56.70 31.66 25.04 17.29 

Kanlow-stems 63.32 37.01 26.31 18.11 

Kans grass (whole plant 64.73 43.68 21.05 25.15 
in Present study) 
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4.2 Dilute H2SO4  pretreatment 

Kans grass biomass with 5% (w/v) biomass loading was supplied with different 

concentrations of H2SO4 (0.5, 1, 1.5 and 2% v/v) at different temperatures (100, 110 and 

120°C) for various length of reaction time (30, 60, 90 and 120 minutes). After pretreatment 

the solid residue was separated from the liquid fraction, washed with distilled water and 

stored at room temperature after drying at 60°C overnight in an incubator for further 

compositional analysis. The liquid fraction was estimated for total reducing sugars (TRS), 

xylose, arabinose and glucose after detoxification (Fig. 4.1-4.4). Estimations of toxic 

compounds including furfural and acetic acid were also done before and after 

detoxification process and are shown in Table 4.3-4.5. 

4.2.1 Effect of pretreatment on sugars solubilization 

Dilute acid pretreatment is one of the most effective methods for lignocellulosic 

biomass pretreatment and has been investigated extensively in last decade. High 

temperature and acid concentration result in hydrolysis of hemicellulosic components into 

monomer sugars as well as exposure of cellulose for enzymatic digestibility. The 

hydrolysis at temperature range between 120°C-200°C with dil. HCl or H2SO4  was also 

studied by different authors [280, 281, 282]. However, this involves higher energy cost and 

release of toxic compounds along with soluble sugars. Hence, in the present study, the 

liberation of total reducing sugars was tried to achieve comparably at a lower temperature 

as well as acid concentration that make this process economically feasible. 

After acid pretreatment, total reducing sugars concentration in liquid residue was 

found to be in the range of 2.60-8.15 g/l when pretreatment was performed at 100°C with 

variable concentrations of H2SO4 (0.5, 1.0, 1.5 and 2.5% v/v) and for different reaction 

time or pretreatment durations (30, 60, 90 and 120 minutes). However as the pretreatment 

temperature was increased to 110 and 120°C the total reducing sugars concentration in the 

liquid residue increased and found to be in the range of 7.0-10.32 and 7.23-11.66g/l 

respectively (Fig. 4.1). 

Xylose, which is the major constituent of hemicellulose, was the major sugar 

component that released in higher concentrations in comparison to all other sugars released 

and was found to be in the range of 1.68-5.24 g/l at all pretreatment conditions (Fig. 4.2). 

The arabinose released (Fig. 4.3) for all pretreatment conditions was found to be in range 

of 0.33- 3.53 g/l. Glucose was released in least concentration and was in the range of 0.01-

0.94 g/l for all the pretreatment condition (Fig. 4.4). 
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In a study switch grass was pretreated at 180°C with 0.9% sulphuric acid and 

obtained approximately 90% solubilization of xylan within the first minute of the reaction 

[283].. But high temperature cause higher of energy input. Moreover, other studies on dilute 

acid pretreatment have shown that hemicellulose in the lignocellulosic feedstock can be 

completely solubalize at very intense conditions. It has been demonstrated that 

hemicellulose was the only component in plant fibre that could be thoroughly removed by 

dilute acid pretreatment [284, 285]. A greater level of hemicellulose solubilization results 

in enhanced digestibility of cellulose in residual solids which is essential for the increase in 

enzymatic conversion efficiency [62]. 

Hence, temperature seems to be an important factor in acid pretreatment as the 

temperature of the pretreatment was increased the total reducing sugars concentration was 

also enhanced. Moderate temperature, less than 160°C, has been observed to be the best for 

the hemicellulose hydrolysis, however, temperature more than 160°C favours 

depolymerization of the cellulose to glucose as well as lignin decomposing products (toxic 

compounds) including furfural and acetic acid [286]. These inhibitory compounds may 

hinder the ethanol production as they affect the metabolism of microorganism that causes the 

adverse effect on the microbial growth as well as ethanol production. Sulphuric acid at 

concentrations usually below 4% v/v has been studied for the dilute acid pretreatments as it 

is inexpensive and effective [287]. Depending on the substrate and the conditions used, 70-

95% of the hemicellulosic sugars can be recovered by dilute acid pretreatment from the 

lignocellulosic material [288, 289, 290]. Cara et al. reported hemi-cellulose recovery up to 

83% from olive tree biomass at 170 °C with 1% sulphuric acid concentration [290]. 

4.2.2 Production of toxic compounds and Detoxification of acid hydrolysate 

Toxic compounds which generated after dilute acid pretreatments can be divided in 

four groups: sugar degradation products, lignin degradation products, compounds derived 

from lignocellulosic structure, and heavy metal ions. These toxic compounds can cause 

stress to fermentative organisms to a point beyond which the efficient utilization of sugars 

is reduced and product formation decreases. During hydrolysis, pentose sugars can degrade 

to furfural, a toxic compound that, depending on its concentration in the fermentation 

medium, can inhibit cells and affect the specific growth rate and cell biomass yield per 

ATP [275]. The results of estimation of furfural and acetic acids are mentioned in Table 

4.3-4.5. When the temperature was 100°C the furfural and acetic acid concentration were 

found to be in range of 1.10-1.40 g/l and 0.12-0.75 g/l respectively (Table 4.3), further 

when temperature was increased to 110°C (furfural 1.6-2.34 g/1 and acetic acid 0.2-1.7 g/1) 
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and 120°C (furfural 1.31-2.04 g/l and acetic acid 0.21-2.26g11) the increase in toxic 

compounds concentration was also observed (Table 4.4 and 4.5). It was observed that at 

certain conditions of pre-treatment furfural concentrations goes above that limit (Table 4.4 

and 4.5) that essentially needs to be detoxified before proceeding for fermentation. 

When studying ethanol production by the yeast P. stipitis, Roberto et al. [291] 

observed that furfural concentrations lower than 0.5 g/l had a positive effect on cell growth, 

whereas concentrations above 2 g/l inhibited cell growth almost completely. Acid 

concentration and temperature in pre-treatment of lignocellulosic biomass are crucial factors 

for of toxic compounds formation (furfural or acetic acid) which 'produce due to sugars 

degradation. Acetic acid, another toxic compound produced during pre-treatment process 

and it's concentration of 5 g/l causes a complete inhibition on ethanol production as well as 

growth of P. stipitis [291]. 

The toxic products (furfural and acetic acid) concentrations were minimized by the 

detoxification of acid hydrolysate by Ca(OH)2 (overliming), the toxic compounds were 

precipitated and removed. The results of concentration of toxic compounds after 

detoxification process with corresponding hydrolysate before detoxification are listed in 

Table 4.3-4.5. The various pre-treatment process conditions that were applied in this study 

produced acetic acid and furfural in the range of 0.12-1.8 and 1.17-2.34 g/l respectively. 

Hence, these toxic compounds concentration was minimized by detoxification process which 

was further reduced to a range 0.05-0.87 (acetic acid) and 0.32-1.23g/l (furfural) (Table 4.3= 

4.5). 

In similar study by adjusting the pH of sugarcane bagasses -hemicellulosic 

hydrolysate first to 10 with Ca(OH)2, and then to 6.5 with H2SO4,  Roberto et al. obtained a 

partial removal of phenolic and other compounds [292]. 

4.2.3 Optimized condition for maximum depolymerization of total reducing sugars 

Pre-treatment condition corresponding to 2% H2SO4 concentration, 120°C of 

temperature and the duration of 90 min (Fig. 4.1) was found to be the optimum condition 

that gives maximum total reducing sugar concentration (11.66 g/1) in the acid-hydrolysate. 

However xylose, arabinose and glucose concentration at this condition were estimated to 

be 5.13, 3.34 and 0.94 g/l respectively (Fig.4.2-4.4). The other sugars which may contain 

mannose and galactose were determined (at particular pretreatment condition) as the 

difference of all the above sugars from total reducing sugars and found to be 2.9 g/l (Table 

4.6). As acid hydrolysate at this optimized condition composed of 2.26 g/1 of furfural and 

1.19 g/l of acetic acid so these compounds were minimized to 1.11 g/l (furfural) and 0.33 
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g/l (acetic acid) after detoxification with Ca(OH)2 (Table 4.5). This detoxified hydrolysate 

was further utilized for the ethanol production by pentose and hexose utilizing yeasts. 



0 

J 

1r̀1' 

4 

1 

Results & discussion 
14 - O 100°C 01100C p 120°C 
12 

10f 

7E 

8 

m 

eo 
6 

4J 

if 

to 	2. 

F 
0 	 I 

3060j 90 i20' 30 ) 60 90 j 120 30 ' 60 9Q 120  3Q 60 
1 90 I 	120 

03% 	 1% 	 1.5% 	I 	2% 
Pretreatment conditions: H2SO4 cone.(%)and reaction time (minutes) 

Fig. 4.1 Total reducing sugars formation (g/1) when 5% (w/v) biomass was pretreated with 

H2SO4 (0.5, 1, 1.5 and 2%) for different durations (30, 60, 90 and 120 minutes) at temperature 
(100,110 and 120°C) 
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Fig. 4.2 Xylose formation (g/1) when 5% (w/v) biomass was pretreated with H2SO4 (0.5, 1, 1.5 
and 2%) for different durations (30, 60, 90 and 120 minutes) at temperature (100,110 and 
120°C) 
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Fig. 4.3 Arabinose formation (g/1) when 5% (w/v) biomass was pretreated with H2SO4 (0.5, 1, 

1.5 and 2%) for different durations (30, 60, 90 and 120 minutes) at temperature (100,110 and 

120°C). 
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Fig. 4.4 Glucose formation (g/1) when 5% (w/v) biomass was pretreated with H,SO4 (0.5, 1, 1.5 

and 2%) for different durations (30, 60, 90 and 120 minutes) at temperature (100,110 and 

120°C). 
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Table 4.3 Inhibitors (Furfural and Acetic acid) concentrations in acid hydrolysate after 

neutralization and detoxification, produced after acid pretreatment at 100°C 

Acid cone. & 
Time of 

pretreatment 

Furfural (gll) 
Without 	After Detoxi- 
Detoxi- 	fication 
fication 

Acetic acid (g/1) 
Without 	After Detoxi- 
Detoxi- 	fication 
fication 

0.5% 30 1.17±0.054 0.32±0.036 0.12 ±0.018 0.05±0.0012 

0.5% 60 1.20 ±0.045 0.34 ±0.025 0.19 ±0.021 0.06 ±0.0032 

0.5% 90 1.40 ±0.075 0.5 ±0.024 0.23 ±0.025 0.05 ±0.0021 

0.5% 120 1.45 ±0.065 0.51 ±0.035 0.37 ±0.016 0.06 ±0.0034 

1% 30 1.23 ±0.036 0.36 ±0.023 0.1510.019 0.03 ±0.0026 

1% 60 1.27 ±0.086 0.39 ±0.044 0.30 ±0.026 0.04 ± 0.0036 

1% 90 1.33 ±0.058 0.50 ±0.023 0.751 0.016 0.04 f 0.0032 

1% 120 1.34 ±0.079 0.52 ±0.046 0.72±0.023 0.02±0.0025 

1.5% 30 1.22 ±0.048 0.36±0.045 0.33 ±0.013 0.05±0.0025 

1.5% 60 1.23 ± 0.079 0.38 ±0.032 0.74 ±0.026 0.03 ±0.0046 

1.5% 90 1.2710.054 0.4 ±0.044 0.60 ±0.029 0.04 ±0.0029 

1.5% 120 1.28 ±0.097 0.4 ±0.068 0.46 ±0.038 0.04 ±0.0025 

2% 30 1.16 ±0.068 0.34 ±0.046 0.49 ±0.016 0.05 10.0027 

2% 60 1.37±0.065 0.34 ±0.075 0.74±0.017 0.06±0.0037 

2% 90 1.39 ±0.068 0.38 ±0.025 0.53 ±0.014 0.04 ±0.0028 

2% 120 1.40 ±0.089 0.47.±033 0.15 ±0.024 0.04 0.0036 
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Table 4.4 Inhibitors (Furfural and Acetic acid) concentrations in acid hydrolysate after 

neutralization and detoxification, produced after acid pretreatment at 110°C 

Acid cone. & Furfural (g/1) Acetic acid (g/1) 
Time of Without After Without After Detoxi 

pretreatment Detoxi- Detoxi Detoxi -fication 
fication fication . -fication 

0.5% 30 1.45 ±0.075 0.68 ±0.054 0.53 ±0.055 0.49 ±0.045 

0.5% 60 1.64 ±0.067 0.78 ±0.025 1.67 ±0.098 0.78 ±0.057 

0.5% 90 1.75 ±0.067 0.82 ±0.014 0.93±0.076 0.80±0.023 

0.5% 120 1.88 ±0.076 0.84 ±0.043 1.38 ±0.027 0.98 ±0.087 

1% 	30 1.76 +0.086 0.88 ±0.024 1.11 +0.068 0.33 ±0.057 

1% 60 1.81 ±0.065 0.94 ±0.013 1.23 ±0.045 

1% 90 1.93 10.075 0.96 ±0.042 1.26 10.052 

1% 120 2.04 ±0.057 1.03 ±0.023 1.35 ±0.046 

1.5% 30 1.31. ±0.065 0.86 ±0.043 1.0 ±0.046 

1.5% 60 1.73 ±0.046 0.84 ±0.014 1.41 ±0.076 

1.5% 90 1.78 ±0.075 0.88 ±0.024 1.25 ±0.046 

1.5% 120 2.02 ±0.096 0.96 ±0.034 1.37 ±0.056 

2% 30 
	

1.41 10.025 0.84 ±0.023 	1.41 ±0.085 

2% 60 

2% 90 

2% 120 

1.14 X0.074 

1.02 ±0.12 

0.95 ±0..054 

0.34 ±0.036 

0.9 ±0.068 

1.06 ±0.036 

1.22±0.068 

0.63 ±0.047 

1.9 ±0.057 0.86 ±0.044 1.25 ±0.033 0.81 ±0.075 

1.97 ±0.064 0.97 ±0.053 1.88 ±0.024 0.95± 0.036 

1.99 ±0.037 1.08 ±0.032 1.83 ±0.062 1.43 ±0.058 
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Table 4.5 Inhibitors (Furfural and Acetic acid) concentrations in acid hydrolysate after 

neutralization and detoxification, produced after acid pretreatment at 120°C 

Acid cone. & Furfural (g/1) Acetic acid (61) 
Time of Without After Without After 

pretreat-meat Detoxifi Detoxifi- Detoxifi Detoxifi- 
-cation Cation -cation cation 

0.5% 30 1.66 ±0.094 0.78 ±0.045 0.24 ±0.057 0.1810.023 

0.5% 60 1.88 ±0.084 0.89±0.068 0.28 ±0.047 0.22 ±0.024 

0.5% 90 2.01 ±0.054 0.93 ±0.053 0.30 ±0.053 0.22 ±0.016 

0.5% 120 2.15 ±0.083 0.96 ±0.087 0.61 ±0.094 0.19 ±0.045 

1% 	30 2.01 ±0.034 1.00±0.035 0.21 ±0.065 0.14 ±0.025 

1% 	60 2.07 ±0.097 1.07±0.026 0.42 ±0.046 0.19 ±0.078 

1% 	90 2.21 ±0.057 1.10±0.096 1.1 10.057 0.26 ±0.065 

1% . 120 2.34 ±0.074 1.18 ±0.046 . 0.58 ±0.084 0.40 ±0.056 

1.5% 30 1.50 ±0.035 0.98 ±0.15 0.90 10.034 0.24 ±0.036 

1.5% 60 1.98 ±0.068 0.96 ±0.043 1.75 ±0.078 0.42 ±0.064 

1.5% 90 2.04 ±0.034 1.01 ±0.084 2.26 ±0.097 0.43 ±0.046 

1.5% 120 2.31 ±0.086 1.10±0.024 1.43 ±0.040 0.41 ±0.024 

2% 30 1.62 ±0.032 0.96 ±0.057 0.94 ±0.036 0.18 ±0.057 

% 60 2.18 ±0.057 0.99 ±0.078 '1:198 ±0:076 0.22 ±0.036 

2% 90 2.26 ±0.049 1.11 ±0.057 1.194 ±0.056 0.33 ±0.064 

2% 120 2.27 ±0.083 1.23 ±0.052 0.95 ±0.057 0.32 ±0.037 
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4.2.4 Compositional and Configuration change in Kans grass biomass after dilute 

Acid pretreatment 

The Kans grass biomass after acid pretreatment (2% v/v H2SO4, 90 minutes and 

120°C) was analyzed for composition change (Table 4.7). There was removal of lignin 

(28.04% of total lignin) along with hemicellulose (77.06% of total hemicellulose) and 

cellulose (19.72% of total cellulose) was also observed on the dry wt. basis (Fig. 4.5). The 

compositional change in Kans grass shown in Fig. 4.5, and the physical change is shown in 

Fig. 4.6. The configurational changes were observed under SEM analysis (Fig. 4.7). Fig. 

4.7 (a) showed the intact Kans grass structure whereas Fig. 4.7 (b) shows the structure after 

acid treatment under optimum condition. The untreated Kans grass biomass have smooth 

and continuous surface, whereas the dilute H2SO4 pretreated Kans grass biomass have a 

rough surface. This indicates the removal of external fibers that in turn increase surface 

area so that cellulose becomes more accessible to enzymes (cellulases). Similar structural 

changes were also earlier reported for Sugarcane Bagasse pretreated with formic acid [293], 

rice straw pretreatment with electron beam irradiation [294] and for rice straw pretreated 

with aqueous ammonia soaking pretreatment [295]. 

However it is important to note that lignin removal was not that significant (only 

28.04% of total lignin was removed). The sugar released (mainly hemicellulose) was used 

for ethanol production. 

Table 4.6 Composition of Sugars in dilute acid hydrolysate obtained after optimized 

condition 

Component 	 Values in g/l 

Total reducing sugars 11.66±0.32 

Xylose 5.13±0.25 

Arabinose 3.34±0.21 

Glucose 0.94±0.089 

Other fermentable sugars 2.19±0.17 
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Fig. 4.5 Comparison in composition of Kans grass biomass before and after dilute acid 

pretreatment (2% H2SO4 at 120°C for 90 minutes) 
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(a)  

(b)  

Fig. 4.6 Physical appearance of Kans grass biomass (a) before pretreatment (b) after dilute 
acid pretreatment (2% H2SO4  at 120°C for 90 minutes) 
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Fig. 4.7 Configuration of Kans grass biomass observed under Scanning electron 

microscope (SEM) (a) Before pretreatment (b) After pretreatment with 2% H2SO4 with 90 
minutes of residence time at 120°C 



Results & discussion 

4.3 Study of NaOH pretreatment 

NaOH pretreatment of Kans grass (5%w/v) was carried out with different 

concentrations of NaOH (0.5, 1, 1.5 and 2%) for different duration of time (30, 60, 90, 120 

minutes) and at variable temperatures (100, 110 and 120°C). After NaOH pretreatment the 

solid residue was separated from the liquid fraction, washed with distilled water and stored 

at room temperature after drying at 60°C overnight in an incubator and was used for further 

estimations of remaining solid residue, lignin content and holocellulose (Table 4.8-4.10). 

The liquid fraction was stored at -80°C for the estimations of liberated total reducing 

sugars (TRS) and xylose (Fig. 4.7-4.9). 

4.3.1 Lignin and sugars liberation 
NaOH mediated pretreatment is more susceptible than other chemical pretreatment 

due to no or low toxic compounds production during pretreatment reaction. NaOH 

pretreatment is estimated to be one of the most effective chemical for pretreatment of 

different lignocellulosic feedstocks including sunflower hull, corn stover, cotton stalk and 

sunflower stalk [296, 297, 298, 299, 300]. The total solid recovery, lignin removal as well 

as holocellulose content are shown in Tables 4.7-4.9. The total solid residue recovery after 

pretreatment decreased as the reaction time increased which may be due to solubilization 

of lignin and sugars (that mainly composed of xylose). During pretreatment at 100°C 

nearly 12.77-24.6% (Table 4.7) of solid residue loss was observed while with increase in 

temperature to 110 and 120°C (Table 4.8 & 4.9) the range of solid residue lost was found 

to be in the range of 14.47-39.79 and 15.67-47.53 % respectively. So it was evident from 

the Tables 4.7-4.9 that as the temperature was increased there was more loss in solid 

residue. 
Higher concentration of NaOH is favourable to achieve the maximum removal of 

lignin but solubilization of the carbohydrates was also carried out which cause the less 

yield of holocellulose (carbohydrates). At 100°C the lignin solubilization (%) was found to 

be in the range of 4.01-31.19 while at 110°C this range was enhanced to 6.24-50.13 with 

all NaOH concentration and duration of pretreatment. The maximum lignin removal of 

79.3% was observed in 90 minutes of reaction time with 2% NaOH concentrations at 

120°C, on the other hand under the same conditions a loss of 6.6% of xylan with respect to 

holocellulose was also observed. The higher concentrations of NaOH (1.5% and 2%) were 

significant during pretreatment reaction at 120°C with no major difference in lignin 

removal. and the maximum delignification was found to be in the range of 72.8-79.3%. 
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However at 120°C with reaction time of 120 minutes and for all concentrations 

(0.5, 1, 1.5 and 2%), more than 70% (70.13-73.23%) delignification was observed, but at 

the same time loss of holocellulose content was also observed. In a similar investigation 

65.63% of delignification was found with 2% NaOH concentration in 90 minutes of 

duration [301]. 

The liquid fraction obtained after NaOH pretreatment was investigated for the total 

reducing sugars and xylose estimation. Xylose is one of the major pentose sugars of 

hemicellulose that released during alkali pretreatment with all other sugars. At 100°C the 

total reducing sugars and xylose were found to be in range of 0.83-1.47 and 0.32-1.23 g/1 

(Fig. 4.7) respectively at all pretreatment conditions. At 110°C these ranges enhanced to 

1.24- 2.37g/l for total reducing sugars and 0.68-1.45 g/l for xylose (Fig. 4.8). However the 

maximum removal of total reducing sugars was estimated to be in range of 2.20-3.26 g/l 

with all conditions .(Different NaOH concentration and residence time) at 120°C (Fig.4.9), 

here NaOH concentrations of 1.5 and 2% are important as both of these concentrations 

resulted approximately the same amount of total reducing sugars and xylose for all reaction 

time. 

As NaOH pretreatment is more favoured towards lignin removal and this was 

favoured that high temperature (120°C) and high reaction time in which lignin removal 

was found to be in the range of'70.43-72.86% of total lignin. The maximum lignin removal 

and xylose liberation was observed to be 79.31% and 4.2% respectively at 90 minutes of 

duration at 120°C with 2% NaOH. The TRS were liberated to be 6% which may be due to 

low amount of glucose and other sugars liberation. However, in another study Silverstein 

et al. [299] under the same pretreatment conditions (2% NaOH, 90 min, 120°C) reported 

65% lignin removal in cotton stalk. Lignin removal in present study is comparable to other 

reported data where the lignin removal was observed to be 77% in straw [123]. As lignin 

inhibits the function of cellulase enzymes so the results from sugarcane' bagasses and soft 

woods by various authors [301, 302] suggest that lignin removal is needed to maximize the 

yield of fermentable sugars during the enzymatic hydrolysis. Hence removal of the lignin 

depends upon the lignocellulosic material and pretreatment conditions including 

temperature as well as residence time. 
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Table 4.7 Total lignin removal as well as total residual solid and holocellulose remained 

after dilute NaOH pretreatment with different NaOH concentration (0.5, 1, 1.5 and 2%) 

and time (30, 60, 90 and 120 minutes) at 100°C 

Pretreatment conditions 

Time 	NaOH conc. 
(min) 	(%) 

Total solid 
(g/ 100g dry 

wt.) 

Lignin 
removal (%) 

Holocellulose 
remained 
(g/100g dry wt.) 

Untreated 100. 25.14±0.55 64.73±0.55 

30 0.5 
87.23 ±0.71 4.019 ±0.59 62.19 ±0.27 

1.0 85.23-±0.89 12.97 ±1.24 61.18 ±0.36 

1.5 82.12 ±1.06 18.18 ±2.65 60.58 ±0.19 

2.0 79.71 10.62 23.55 ±2.34 59.29 ±0.21 

60 0.5 85.45 ±0.63 11.92±1.97 62.15 ±0.12 

1.0 81.34±1.07 17.39±2.18 61.27±0.24 

1.5 78.34 ±0.88 24.91 ±2.98 60.11 ±0.17 

2.0 77.10±1.24 27.65±1.62 59.87±0.13 

90 0.5 81.34 ±1.87 13.17 ±1.76 59.78 ±0.12 

1.0 79.34±1.65 21.28±2.10 58.28 ±0.17 

1.5 77.4+2.13 28.25±2.12 57.78±0.21 

• 2.0 77.12±1.43 	• 28.81 ±1.98 56.14 ±0.26 

.120 0.5 79.2 ±1.19 17.31 ±1.34 58.21 ±0.19 

1.0 78.34 ±1.37 26.14±1.22 57.23 ±0.12 

1.5 76.9 ±0.94 30.56 ±1.63 56.32 ±0.13 

2.0 75.4±1.45 31.19±1.92 56.27±0.15 

M 
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Table 4.8 Total lignin removal as well as total residual solid and holocellulose remained 

after dilute NaOH pretreatment with different NaOH concentration (0.5, 1, 1.5 and 2%) 

and time (30, 60, 90 and 120 minutes) at 110°C 

Pretreatment conditions Total solid 
(g/ 1008 dry 

Time 	NaOH cone. wt.)  
(min) 	(%) 

Lignin 	Holocellulose 
removal (%) remained 

(g/100g dry wt.) 

Untreated 100 25.14±0.55 64.73±0.55 

30 0.5 85.53 ±0.65 6.24 ±1.51 62.13 ±0.78 

1.0 76.86 ±1.35 30.13 ±0.43 61.76 ±0.83 

1.5 71.06 ±0.87 39.39 ±1.67 60.56 ±0.59 

2.0 68.12 ±1.44 43.81 ±0.31 59.21 ±0.67 

60 0.5 80.97 ±1.39 15.08 ±1.43 61.56 ±0.56 

1.0 75.84 ±0.76 22.16 ±0.54 59.81 ±0.74 

1.5 69.54 ±0.87 39.39 ±1.29 58.23 ±0.83 

2.0 65.32 ±1.32 46.99 ±0.63 57.23 ±0.57 

90 0.5 76.32 ±0.47 26.58 ±0.54 57.12 ±0.53 

1.0 73.57 ±1.39 42.57 ±0.87 56.39 ±0.83 

1.5 65.89 *0.65 48.38±1.73 56.13 *0.63 

2.0 64.32 ±1.54 45.92 ±0.39 54.19 ±0.52 

120 0.5 73.42 ±0.62 38.95 ±0.87 56.1310.45 

1.0 71.23 ±1.32 46.20 ±0.87 54.13 ±1.08 

1.5 63.42 ±0.27 45.60 ±0.76 53.67 ±0.74 

2.0 60.21 ±0.37 50.13 ±0.66 53.13 ±0.82 
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Table 4.9 Total lignin removal as well as total residual solid and holocellulose remained 

after dilute NaOH pretreatment with different NaOH concentration (0.5, 1, 1.5 and 2%) 

and time (30, 60, 90 and 120 minutes) at 120°C 

Pretreatment conditions 

Time 	NaOH cone. 
(min) 	(%) 

Total solid 
(g/ 100g dry 
wt.) 

Lignin 
removal (%) 

Holocellulose 
remained 
(g/100g dry wt.) 

Untreated 100 25.14±0.55 64.73±0.55 

30 0.5 84.33 ±1.21 14.25 ±0.56 61.59 ±0.78 

1.0 77.57 ±0.76 46.84 ±0.63 60.79 ±0.34 

1.5 69.25 ±1.67 52.01 ±0.84 55.85 ±0.45 

2.0 67.77±1.43 75.57 ±0.69 56.44 ±0.63 

60 0.5 74.93 ±0.51 19.14 ±1.45 57.79 ±0.12 

1.0 67.77 ±0.82 59.29 ±0.75 55.80 ±0.76 

1.5 65.7 ±1.54 71.83 ±0.48 54.76 ±0.96 

2.0 67.53 ±0.63 76.80 ±0.52 51.3510.43 

90 0.5 74.01 ±1.48 34.10 ±1.49 55.97 ±0.43 

1.0 65.40±1.39 61.64 ±0.98 54.22±0.85 

1.5 63.22 ±1.45 74.33 ±1.21 49.84 ±0.35 

2.0 60.66 ±0.73 79.30 ±0.78 51.90 ±0.42 

120 0.5 69.95 ±1.45 70.43 ±1.87 55.69 ±0.52 

1.0 58.56±1.54 72.94±0.61 47.84±0.82 

1.5 52.47 ±1.42 71.91 ±0.58 43.66 ±0.32 

2.0 57.36 ±0.73 72.86 ±0.50 44.93 ±0.44 
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4.3.2 Compositional and Configuration change in Kans grass biomass after NaOH 
pretreatment 

After optimization of pretreatment conditions, NaOH concentration of 2% and 

residence time of 90 minutes was found to be best in terms of lignin removal (79.31%). 

The estimation of composition of Kans grass biomass before and after pretreatment was 

done (Fig.4.11). The holocellulose content of NaOH treated biomass was deceased from 

64.73 g to 51.90 g per 100 g of biomass. This is due to the solubilization of the 

carbohydrate content during pretreatment. However the lignin content in original biomass 

was found to be 25.15 g/l00g biomass which was decreased to 5.28 g/100 g biomass after 

pretreatment. The graphical representation of the composition change is shown in Fig. 

4.11. The corresponding physical as well as structural changes are shown in Fig. 4.12 and 

4.13 respectively. SEM was used to study the morphological features and surface 

characteristics of materials after the pretreatment and compared with untreated biomass 

(Kans grass). The pretreatment resulted in significant structural changes (Fig. 4.13). 

Sodium hydroxide pretreatment disrupted the structure of the fibers mainly by removing 

lignin. Furthermore, the structure of the ligriocellulosic biomass was exposed up and 

provides higher surface area for subsequent enzymatic reactions. The similar observations 

of SEM analysed were also observes on pine wood by Hui Wang [303]. 

4.4 Comparative analysis of dilute H2SO4  and NaOH pretreated Kans grass biomass 

Kans grass biomass is composed of 64.73% of holocellulose or total carbohydrate. 

The pretreatment strategy is an important first step for bioethanol production. During dilute 

H2SO4  pretreatment 77.05% of hemicellulosic portion liberated with removal of 28.03% 

lignin (Table 4.10). While with NaOH pretreatment only 20.6% of the hemicellulosic 

portion was solubalize with 79% of delignification (Table 4.10). Lignin is one of the 

obstacle for hydrolysis of crystalline sugars, so this NaOH pretreated biomass may be 

further enzymatically hydrolyzed to obtained the soluble sugars, as removal of lignin 

provide more surface area for the enzyme action to the carbohydrate part [304, 305]. Hence 

dilute H2SO4  pretreatment is more susceptible for solubilization of hemicellulosic sugars 

with little removal of lignin while major effect of alkaline pretreatment is the removal of 

lignin from the biomass, thus improving the reactivity of the remaining polysaccharides. In 

addition, alkali pretreatments remove acetyl and the various uronic acid substitutions on 

hemicellulose and facilitate access of enzyme to the hemicellulose and cellulose surface 

[306]. 
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Fig. 4.8 Concentration of total reducing sugars and xylose liberated during NaOH 

pretreatment with different NaOH concentrations (0.5, 1, 1.5 and 2%) and reaction time 

durations (30, 60, 90 and 120 minutes) at 100°C 

Fig. 4.9 Concentration of total reducing sugars and xylose liberated during NaOH 

pretreatment with different NaOH concentrations (0.5, 1, 1.5 and 2%) and reation time 

durations (30, 60, 90 and 120 minutes) at 110°C 
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Fig. 4.10 Concentration of total reducing sugars and xylose liberated during NaOH 
pretreatment with different NaOH concentrations (0.5, 1, 1.5 and 2%) and reation time 
durations (30, 60, 90 and 120 minutes) at 120°C 
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Fig. 4.11 Comparison in composition of Kans grass biomass before and after dilute NaOH 
pretreatment (2% NaOH for 90 min and at 120°C) 
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(a)  

(b)  

Fig. 4.12 Physical appearance of Kans grass biomass (a) before pretreatment (b) after 
pretreatment with 2% NaOH with 90 minutes of reaction time 
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(a)  

(b) . 

Fig, 4.13 Configuration of Kans grass biomass observed under Scanning electron microscope 
(SEM) (a) Before treatment (b) After pretreatment with 2% NaOH with 90 minutes of 
reaction time 
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Table 4.10 A comparison of composition in original, dilute H2SO4 pretreated and NaOH 
pretreated Kans grass biomass 

Components 

Untreated 
Biomass 

(g/100 gdb) 

Dil.H2SO4 
pretreatment 
(g/100 gdb) 

Dil NaOH 
pretreatment 
(g/100 gdb) 

Holocellulose 	64.73±0.55 	40.0±0.58 	51.90±0.37 

Cellulose 43.68±0.54 35.07±0.53 35.20±51 

Hemicellulose 21.05±0.46 04.83±0.50 16.7±32 

Lignin 25.15±0.55 18.10±0.31 5.28±0.13 

Moisture 4.70±0.055 3.0±0.21 3.2±0.11 

Ash 2.10±0.21 2.0±0.12 2..0±0.08 
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4.5 Endoglucanase or CMCase enzyme Production 
T. reesei (NCIM 1052) was used for CMCase production with different carbon 

sources (cellulose, glucose, lactose and xylose), pH (4, 5 and 6), temperatures (25, 28 and 
30°C) and for variable duration of time (Fig. 4.14-4.16). The Samples were withdrawn 

periodically and were analyzed for CMCase activity, cell biomass and total extra cellular 

protein. The results are given in Table 4.11. 

Among the four carbon sources used in this study, cellulose was found to be most 

effective one for CMCase production (Fig. 4.14-1.16) which goes in the range of 0.523 

U/ml (pH 6 and 30°C) to 1.46 U/ml (pH 5 and 28°C) whereas that for lactose was found to 

be in the range of 0.247 U/ml (pH 4 alid 30°C) to 0.559 U/ml (pH 5 and 25°C) and the 

same for xylose and glucose were 0.192-0.450 U/ml and 0.053-0.268 U/ml respectively. 

Hence, lactose was found to be second most important sugar for CMCase production. As 

reported by other researchers [307, 308, 309] lactose relives the fungus from catabolic 

repression and acts as an inducer however exact mechanism is not known yet. Glucose 

which was found to be the least producer of CMCase was the most favoured substrate for 

cell biomass formation. 

Cellulose and lactose were found to be best substrate for CMCase production and 

showed maximum activity at pH 5 (Table 4.11) across all temperatures. Xylose also 

showed maximum activity at pH 5 with temperature 25°C (0.450 U/ml) and 28°C (0.302 

U/ml). However, it showed higher CMCase activity at pH 6 (0.0321 U.ml-1) when 

temperature was maintained at 30°C. For glucose though it showed maximum activity at 

pH 4 across all temperature, not considered as a favoured substrate for CMCase 

production. It was observed that when cellulose was used as a substrate for CMCase 

production at 25°C temperature, the CMCase activity was found to be in the range from 

0.806 to 1.17 U/ml. When temperature was enhanced to 28°C, the corresponding values 

were also enhanced and found in the range of 0.953 (pH 6) to 1.46 (pH 5) U/ml. However, 

when temperature was further increased to 30°C the corresponding range reduced to 0.523 

from 0.949 U/ml. Almost similar results for CMCase activity were also observed when 

lactose (it shows almost same maximum activity at 25 and 28°C) and glucose were used as 

a substrate. 

Hence it is evident that 28°C is the optimum temperature for CMCase production with 

cellulose as substrate. 
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(a)  

(b)  

(c)  

Fig. 4.14 CMCase activity at 25°C with different carbon sources (cellulose, glucose, 

lactose and xylose) at different pH (a) 4 (b) 5 and (c) 6 

82 



Results & Discussion 

(a)  

(b)  

(c)  

Fig. 4.15 CMCase activity at 28°C with different carbon sources (cellulose, glucose, 
lactose and xylose) at different pH (a) 4 (b) 5 and (c) 6 
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(a)  

(b)  
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Fig. 4.16 CMCase activity at 30°C with different carbon sources (cellulose, glucose, 

lactose and xylose) at different pH (a) 4 (b) 5 and (c) 6 
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Results & discussion 

The crude enzyme preparation obtained after optimized condition (cellulose as 

carbon source, pH 5 and 25°C) with 1.46 U/ml CMCase activity may contain several other 

enzymes as well. The activity of this preparation was also evaluated for total cellulase 

activity and xylanase activity. The total cellulase activity was expressed in termes of filter 

paper units (FPU) and was found to be 1.14 FP U/ml. whereas xylanase activity was 

estimated to be 6.60 U/ml. This crude preparation was used for saccharification of raw 

material, as described in material and method section. 

4.6 Enzymatic saccharification of dilute H2SO4 pretreated Kans grass 

The crude enzyme mixture obtained at optimized conditions had CMCase as well 

as xylanase activity (6.60U/ml) was further used for enzymatic hydrolysis of the acid 

pretreated Kans grass biomass. The 20 FPU/g of dry biomass of crude enzyme was used 

for the enzymatic reaction and resulted sugars were analyzed as total reducing sugars and 

xylose. To determine the effectiveness of the crude enzyme, commercial enzyme (20 

FPU/g dry biomass) was also studied in parallel experiments. 

4.6.1 Saccharification of acid (H2SO4)  pretreated Kans grass with crude and 

commercial enzyme 

Hydrolysis of acid treated biomass with 20 FPU/gdb crude enzymes was studied 

with biomass loading of 1, 2, 2.5, 5 and 6%-  (w/v) and shown in Fig. 4.17 (a). With 

biomass loading of 1% the total reducing sugars (TRS) released was found to be 36.15 

mg/gdb in 84 hours, but with increasing the biomass loading to 2%, TRS release was as 

high as 69.08 mg/gdb for the same duration of time. However when this biomass loading 

was further enhanced to 2.5, 5 and 6%, the TRS released was found to be less (47.79, 

40.15 and 29.27 mg/gdb respectively). When release of xylose sugars was observed at 2% 

biomass loading it was found to be the maximum (14.13 mg/gdb) and for other biomass 

loading line (1, 2.5, 5 and 6%) the values were found to be less (13.22, 12.19, 12.18, 11.26 

g/gdb respectively). When same experiment was conducted with commercial cellulase 

preparation on similar biomass as above (20 FPU/gdb), The TRS and xylose released was 

found to be maximum at 2% biomass loading (63.21 mg/gdb and 7.4 mg/gdb respectively) 

(Fig. 4.17 (b)). Hence with increasing the time from zero hour concentration of TRS 

increasing and it is getting stationary after 72 hours. The same pattern was observed in 

both treated and untreated biomass with enzymatic hydrolysis (Fig 4.17 and 4.18). 

Hydrolysis with crude enzyme preparation released higher amount of TRS as 

compared to pure enzyme preparation (Fig.4.17 (a) and (b)). This may be attributed on the 
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fact that presence of certain, amount of xylanase along with cellulases in the crude 

preparation which is absent in commercial enzyme preparation. 

4.6.2 Saccharification of untreated Kans grass with crude and commercial enzyme 

When untreated biomass (prior to acid treatment) was directly treated with crude 

(Fig. 4.18 (a)) and commercial (Fig. 4.18(b)) enzyme preparation, the corresponding 

maximum TRS released was found to be 34.67 and 31.82 mg/gdb for 2% biomass loading 

respectively in 72 hours with negligible amount of xylose released. It was also analysed 

that TRS released for untreated biomass was found to be much less as compared to acid 

pretreated biomass. This may be due to the fact that lignin association with cellulosic and 

hemicellulosic structure of the biomass was more rigid in case of untreated biomass hence 

access of enzyme was not available as much as compared to acid pretreated biomass. Acid 

pretreatment not only partially removed but also made the association of lignin with the 

cellulosic fibres less rigid that gives better access for the enzymes to the cellulosic and 

hemicellulosic structure of the biomass. 

When untreated biomass that was composed of 64.73% of holocellulose, was first 

pretreated with dilute acid (2% v/v H2SO4, 90 minutes and 120°C), there was removal of 

lignin (28.03% of total lignin) along with hemicellulose (77.05% of total hemicellulose) 

and cellulose (19.71 % total cellulose content). When this acid pretreated biomass was 

further treated with crude enzyme 34.8% of total holocellulose removal was observed (Fig. 

4.19). The corresponding changes are evident in the photographs (Fig. 4.20). Fig. 4.20 (a) 

showed the intact Kans grass structure and compared with Fig. 4.20 (b) (structure of acid 

treated biomass) where hemicellulosic portion was the most affected by acid treatment 

along with associated cellulosic structure. When this biomass was further treated with 

commercial cellulase (2% w/v biomass loading, 20 FPU/g gdb), mainly cellulose was 

removed (Fig. 4.20 (c)) along with residual fraction of hemicellulose. However lignin and 

other components remained intact. 

4.6.3 Best condition for optimization 
Biomass loading to 2%, TRS released was as high as 69.08 mg/gdb released (14.13 

mg/gdb) for the same duration of time 84 hours. So 17.25% of holocellulose sugars were 

converted to soluble sugars. Hence, less released of TRS with commercial cellulase (63.21 

mg/gdb) as compared to crude enzyme (69.08 mg/gdb) was observed. This may be due to 

the fact that crude enzyme mixture is composed of xylanase enzyme (6.6 U/ml) with the 

cellulase activity and during saccharification it resulted in xylose formation with glucose 

sugar. 
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Fig. 4.20 (a) Configuration of Kans grass biomass (original) before pretreatment 

Fig. 4.20 (h) Configuration change in Kans grass biomass after dilute acid H2SO4)( 
pretreatment (with 2% H2SO4  with 90 minutes of reaction time at 120°C) 
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Fig. 4.20 (c) Configuration change in Kans grass biomass after dilute , acid (H2SO4) 
pretreatment (with 2% H2SO4 with 90 minutes of reaction time at 120°C) and 
enzymatic saccharification (2% biomass loading, with 20 FPU/gdb of crude enzymes 
at 50°C for 96 minutes) 

a 
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4.6.4 Structural and compositional changes 

When Kans grass biomass was first pretreated with dilute H2SO4, it resulted in 

solubilization of hemicellulosic portion (77.05% of total hemicellulose) with little removal 

of lignin content (28.03% of total lignin) (Fig 4.19).Again, when this pretreated biomass 

was treated with crude enzyme mixture solubilization of 35% of holocellulose portion as 

total reducing sugars was observed. 

The structural changes in Kans grass biomass before any pretreatment, after acid 

pretreatment and after acid as well as enzyme treatment were also studied. This is evident 

in the photographs (Fig. 4.20) As Fig. 4.20 (a) showed the intact Kans grass structure with 

out any pretreatment and was compared with Fig. 4.20 (b)' (structure of acid treated 

biomass) where hemicellulosic portion was the most affected by acid treatment along with 

associated cellulosic structure. When this biomass was further treated with crude cellulase 

(2% w/v biomass loading, 20 FPU/g gdb), mainly cellulose was removed (Fig. 4.20 (c)) 

along with residual fraction of hemicellulose. However lignin and other components 

remained intact and the removal of cellulosic content by crude cellulase was observed. 
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4.7 Saccharification of NaOH pretreated Kans grass biomass 

NaOH pretreatment was found to be more effective for the lignin removal; more 

than 50% of lignin was removed at pretreatment temperature of 120°C. Hence the solid 

residue remained after NaOH pretreatment at 120°C treated with different concentration of 

NaOH (0.5, 1, 1.5 and 2%) and duration (30, 60, 90 and 120 minutes) was further used for 

enzymatic saccharification with crude cellulase enzyme (20 FPU/gdb) with different 

biomass loading (2, 4, 5 and 6% w/v). 

To investigate the optimum conditions for the enzymatic hydrolysis of pretreated 

Kans grass biomass (pretreated with NaOH at 120°C), was supplied with 20 FPU/gdb of 

crude mixture of enzyme (derived from T.reesei with 1.14 FPU total cellulase activity, 

1.46 U/ml'of CMCase and 6.6 U/ml of xylanase activity) in citrate buffer for 96 hours for 

different biomass loading (2, 4, 5 and 6% w/v) and then sugar liberated was estimated. 

The overall reducing sugars production pattern after crude enzymatic 

saccharification can be clearly observed in Fig. 4.21 (a, b, c and d). A decreased in TRS 

after hydrolysis was observed with the increased concentrations of NaOH during 

pretreatment. As with maximum NaOH concentration (2%) the TRS was found to be in the 

range of 0.48-101 mg/gdb, the same was found to be in the range of 20.81-110.70 and 

49.32-182.27 mg/gdb for 1.5 and 1% NaOH respectively while with 0.5% NaOH 

pretreated biomass yielded 80-350 mg/gdbTRS by enzymatic saccharification with, crude 

enzyme. 

The biomass obtained after pretreatment condition of 0.5% NaOH for 120 minutes 

was found to be the most suitable for the maximum recovery of TRS after enzymatic 

hydrolysis with different biomass loadings (2, 4, Sand 6%). With 2% Biomass loading .  

169mg/gdb TRS was obtained after saccharification with crude cellulase. When biomass 

loading was increased to 4% and 5% the TRS concentration was also increased to 298 and 

350 mg/gdb respectively. However no further enhancement was observed with 6% biomass 

loading, rather a drop in TRS yield was observed (328 mg/gdb),It was a general 

observation in all experiments that with increase in biomass loading there was decrease in 

TRS. This. may be due to stirring difficulties and low aqueous movable phase. A similar 

observations also recorded by Szczodrak and Lee [310, 311]. As higher concentration of 

NaOH and long residence time found to be more suitable for maximum removal of the 

lignin and low solid residue recovery may cause low total reducing sugars formation. The 

120 minutes of pretreatment duration lead to maximum recovery of sugars during 

enzymatic saccharification (Fig. 4.22). At 0.5% NaOH concentration with 120 minutes of 
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pretreatment duration maximum sugars recovery of 62.85% was observed on the other 

hand a higher concentrations (2%) and longer duration (90 minutes) (which is the best 

condition of maximum lignin removal of 79.3%) resulted in lesser sugar release (15.58%) 

The reason may be due to presence of low holocellulose content after removal of 79.3% 

lignin. The NaOH concentration of 0.5% w/v also showed significant results with supply 

of different biomass loading and residence time by different researchers where 60-72% of 

lignin removal was observed [312, 313] which is an important step for hydrolysis. 

4.7.1 Best condition for optimization 

As per the experiments, best pretreatment condition was selected as 0.5% NaOH 

pretreatment for 120 minutes duration with 70.75% of lignin removal and 63% of the 

holocellulose was released as total reducing sugars. However the maximum removal of 

lignin was obtained (79.21%) at 2% NaOH and 90 minutes residence time, but at this 

condition only 15.41% of holocellulose release as soluble sugar was reported (Fig. 4.22). 

Since, lignin removal should not be the only criteria for an effective pretreatment as large 

amount of loss of carbohydrate at more sever conditions was found that may affect the 

enzymatic hydrolysis step. Hence, utilisation of low concentrations of chemical as well as 

loading of crude enzyme mixture was observed to be cost, effective processes during this 

study. 

4.7.2 Structural and compositional changes 
The configuration changes were observed after SEM analysis of Kans grass 

biomass. A smooth structure of Kans grass biomass was observed before pretreatment 

(4.23 (a)). However due to NaOH pretreatment the patches formed that may be due to 

disruption of lignin (Fig. 4.23 (b)). Again, when this NaOH pretreated biomass was further 

treated with 20 FPU of crude cellulase, the disruption of the biomass structure was 

observed (Fig. 4.23 (c)) due to solubilization of holocellulosic portion due to enzyme 

action. The changes in composition also confirmed that lignin component was maximum 

removed by NaOH pretreatment, whereas the holocellulosic portion was solubalized in 

further treatment with crude cellulase enzyme (Fig. 4.24). 
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4.8 Comparison of enzymatic saccharification/hydrolysis with dilute H2SO4 and 

NaOH pretreated biomass 

As both acid as well as NaOH pretreatments are important in majorly solubilization 

of hemicellulosic and lignin portion of lignocellulosic biomass respectively. 

The over all comparison in both pretreatments (NaOH and H2SO4) and then further 

enzymatic saccharification (with crude enzyme) is shown in Fig. 4.25. When original 

biomass was supplied for H2SO4 pretreatment, it resulted in solubilization of 

hemicellulosic sugars (77.05%), cellulosic (19.17%) as well as lignin (28.03%). Hence, 

71.97% of lignin was still present in acid treated biomass and when this biomass was 

supplied with crude cellulase enzyme (from T.reesei), Lignin acted as the obstacle between 

the enzyme and cellulosic portion (Fig. 4.25). This biomass was further applied for 

enzymatic saccharification and 34.9% of total holocellulose (H2SO4  pretreated biomass) 

was solubalize in to total reducing sugars. 

On the other hand when the original biomass was pretreated with NaOH, it resulted 

in the removal of lignin (70.75%) with little liberation of total reducing sugars from 

holocellulose. Now in the next step when this biomass (NaOH pretreated) was further used 

for enzymatic saccharification, it resulted in the removal of 350mg/g of biomass of sugar 

which is 63% to total NaOH pretreated holocellulose. This is due to better exposure of 

cellulosic fiber to enzyme as a result of lignin removal; where dilute H2SO4 pretreatment 

could not do this job which only solubalize hemicellulosic portion better. Thus it can be 

concluded from this study that as far as cellulose solubilization is concerned lignin is a 

obstacle which needs to be targeted first (in term of lignin removal) Then the non 

crystalline inter linking hemicellulose should be solubalize. 
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Fig. 4.22 Conversion of holocellulose (%) to total reducing sugars after crude enzymatic 

saccharification of NaOH pretreated Kans grass with different concentration of NaOH (0.5, 
1, 1.5 and 2% w/v) at pretreatment reaction time of 120 minutes 
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Fig. 4.23 (a) Configuration of Kans grass biomass before NaOH pretreatment (Origina l 
biomass) 

Fig. 4.23 (b) Configuration change in Kans grass biomass after NaOH pretreatment (with 
0.5 % NaOH with 120 minutes of residence time at 120°C) 
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Fig. 4.23 (c) Configuration change in Kans grass biomass after alkali pretreatment (with 
2% NaOH at 120°C for 90 minutes) and enzymatic saccharification (2% biomass loading, 
with 20 FPU/gdb of crude enzymes at 50°C for 96 minutes) 
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1.2 
■ Other 

Fig. 4.24 Compositional change in Kans grass biomass before pretreatment, after dilute 

NaOH pretreatment and enzymatic saccharification with crude cellulase 
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Fig. 4.25 A comparison in untreated, dilute H2SO4  and NaOH pretreated biomass treated 
with crude enzyme 
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4.9 Ethanol production 

TRS obtained from different routes including dilute acid pretreatment as well as 

sugar hydrolysate obtained after enzymatic saccharification of H2SO4  and NaOH pretreated 
biomass was utilized for ethanol production by using P. stipitis and S. cerevisiae. As acid 
hydrolysate was composed of mixture of sugars (xylose, arabinose, mannose, galactose and 
glucose), hence P. stipitis was utilized for ethanol production. An adaptive strain of 
P.stipitis was also developed and compared with the .wild strain. This strain was further 
used in entire studies. S. cerevisiae is a glucose utilizing yeast and was used for ethanol 

production from enzymatically saccharified hydrolysate. 

4.9.1 Development of acid adaptive strain 

In order to utilize low-cost lignocellulosic feedstocks for bioethanol production, the 

lignocelluloses need to be degraded to simple sugars for microbial utilization in 

fermentation. However, commonly used dilute acid hydrolysis generates many inhibitory 

compounds which suppress yeast growth. Consequently, after detoxification process partial 

removal of toxic compounds is observed, these remained inhibitors in the hydrolysate may 

inhibit the fermentation step. 

Acid hydrolysate obtained after dilute H2SO4 pretreatment is composed of 11.66 g/1 

TRS sugars (Table 4.12) with 2.26 g/1 of furfural and 1.19 g/1 acetic acid concentration 

(Fig. 4.26). As concentration of furfural above 2g11 may inhibit the microbial growth as 

well as metabolism [232], hence a detoxification process was performed to minimize the 

inhibitory compounds concentration so that microbes can tolerate and grow in this DAH 

media. However, after detoxification step a trace of toxic compounds including acetic acid 

(0.33 g/1) and furfural (1.11 g/1) remained in detoxified acid hydrolysate (DAH) (Fig. 4.26) 

which causes the delay in growth and low ethanol production. 

So, adaptation against inhibitors in yeast was performed by sequentially 

transferring and growing the cell in the media containing different concentration of non 

detoxified acid hydrolysate (20, 40, 60 and 80%) with supplementation of other media 

components (given in section material and methods). The growth pattern of the P. stipitis is 

given in Fig. 4.27 which shows a very long lag phase when hydrolysate media composed 

of 20% untreated acid hydrolysate. The prolong lag phase and slow growth is due to 

presence of inhibitory compounds (furfural and acetic acid). When the, concentration of 

hydrolysate increased to 40 and 60% a slower growth pattern was observed, however with 

80% acid hydrolysate no growth was observed. Hence a strain that can tolerate up to 60% 

non detoxified acid hydrolysate was used for the further experiments. Several studies also 
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have reported for development of adaptive strains for improved bioethanol yield [314, 

315]. A control experiment without acid hydrolysate (0% hydrolysate) was also performed 

with all other media components and comparative early growth pattern was observed as no 
toxic compounds were present.  

4.9.2 Comparison with wild strain by ethanol production in detoxified acid 
hydrolysate (DAH) 

DAH was further used for the fermentation experiments with adaptive as well as 
with wild strains of P. stipitis. In wild strain 2.32 g/l of ethanol was determined at the end 

of 30 hours (Fig. 4.28 (a)) whereas in adaptive strain maximum ethanol production was 

estimated to be 2.67 g/l in 22 hours (Fig. 4.29 (a)) The ethanol yield (Yp/s) and biomass 

yield (Yx/s) was found to be 0.28 g/g and 0.56 g/g respectively in adaptive strain which are 

higher than the ,  wild strain (Yp/s, 0.23g/g; Yx/s, 0.48) (Table 4.13). A parallel control 

experiment for wild as well as adaptive strain in synthetic sugars media was also 

performed (Fig. 4.28 (b) and 4.29 (b)). A shorter lag phase was observed with adapted 

strain in comparison to wild strain during the fermentation of DAH (Fig. 4.28 (a) and 4.29 

(a)). This may be due to the fact that the adapted strain, during the prolonged cultivation on 

none detoxified acid hydrolysate (20, 40 and 60%) had developed resistance to different 

stresses (inhibitory compounds) present in the hydrolysate and thus strain was found to be 

more tolerance against inhibitory compounds. It is also suggested that under these 

unfavourable conditions microorganism might have geared to synthesize new enzymes 

and/or metabolites which lead to efficient metabolism of sugars and tolerance to the 

inhibitors [153]. 

This study described the use of an adaptive strain of P. stipitis tolerant to toxic 

compounds (furfural and acetic acid) which might have remained even after detoxification 

of Kans grass acid hydrolysate. The adaptive strain was found to be more efficient than 

wild strain in terms of bioethanol (0.28 g/g) as well as biomass yield (0.56 g/g). 

The neutralized acid hydrolysate media that is composed of neutralized acid 

hydrolysate (no detoxification step only pH was adjusted) was also tested for the 

fermentation with wild as well as `adaptive' .strain ((Fig. 4.28 (c) and 4.29 (c)). As 

neutralized media is composed of inhibitory and phenolic compounds that may inhibit the 

microbial growth, hence a slow growth with extended lag phase of 38 and 22 hours for wild 

and adaptive strain was observed respectively. However the maximum ethanol production 

was observed after 72 hours using wild strain and 40 hours using adaptive strain with 

ethanol yield of 0.12 g/g and 0.22 g/g respectively (Table 4.13). Adaptive strain able to 
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tolerate inhibitory compounds generated during acid pretreatment was better due to genetic 

changes or activation/deactivation of certain genes thereby change in metabolite level and 

their secretion. So the ethanol production was better in case of adaptive strain. A detail 

comparative analysis in fermentation parameters of wild as well as adaptive strain in DAH, 

synthetic and neutralized media is also given in Table 4.13 

Hence, based on the observations of increasing non detoxified hydrolysate yeast 

response to toxic compounds, an adaptation method is developed. This adapted P. stipitis 

strain was also evaluated for producing high ethanol yield and demonstrated it's 

significantly higher levels of tolerance to toxic compared with the parental strains under 

same conditions. This adapted and more tolerant strain showed significant improved cell 

growth and produced normal yield of ethanol in the presence of furfural or acetic acid 
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Table 4.12 Composition of dilute acid (H2SO4) hydrolysate of Kans grass.biomass after 

optimization for maximum sugars formation 

Component 	 Values in gil 

Total reducing sugars 

Xylose 

Arabinose 

Glucose 

Other fermentable sugars 
(mannose, cellobiose , galactose) 

11.66+0.32 

5.13±0.25 

3.34±0.21 

0.94±0.089 

2.19+0.17 

f[IT•1 
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Fig. 4.26 Toxic compounds present before and after detoxification of acid hydrolysate 

(1 1.66g/l). The detoxification resulted in the reduction of the furfural and acetic acid 

concentration to 1.21 and 0.32 respectively 

Fig. 4.27 Growth pattern of P. stipitis in hydrolysate media different concentration of 
untreated acid hydrolysate (0, 20, 40, 60 and 80%) 
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Fig. 4.28(a) Fermentation profile of wild strain of P. stipitis in detoxified acid hydrolysate 
(DAH) media 

Fig. 4.28(b) Fermentation profile of wild strain of P. stipitis in synthetic media 
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Fig. 4.28(c) Fermentation profile of wild strain of P. stipitis in neutralised media 

Fig. 4.29(a) Fermentation profile of `adaptive strain' of P. stipitis in detoxified acid 
hydrolysate (DAH) media 
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Fig. 4.29(b) Fermentation profile of `adaptive strain' of P. stipitis in synthetic media 

(c) 

Fig. 4.29(c) Fermentation profile of `adaptive strain' of P. stipitis in neutralised media 
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4.9.3 Ethanol production from concentrated DAH (60 and 90.50 g/1) released from 
acid pretreated biomass 

Dilute H2SO4 pretreatment resulted in the liberation of 11.66 g/l of total reducing 

sugars. The total reducing sugars concentration of acid hydrolysate was enhanced from 

11.66 g/l to 60 and finally to 90.50 g/l using vacuum evaporation techniques. As the total 

reducing sugars concentration was increased the content of the constituent sugars was also 

found to be enhanced. Xylose, a.major component of the hydrolysate, was also enhanced to 

20.54 and 27.60 g/l in both concentrated hydrolysate (60 and 90.50 g/1). The 

concentrations of all other sugars components are listed in Table 4.14. With the increase of 

concentration of sugars. in the acid hydrolysate the concentrations of toxic compounds were 

also enhanced. The furfural and acetic acid concentrations was increased to 2.47 and 8.46 

g/l respectively in 60 g/l concentrated acid hydrolysate (Fig.4.30 (a)) however the same 

were enhanced to 2.65 and 10.02 g/l respectively in 90.50 g/l acid hydrolysate (Fig. 4.30 

(b)). After detoxification step the concentrations of these toxic compounds were minimized 

(approximately 2 times in furfural and 4 times in acetic acid concentrations) to prevent the• 

inhibition of yeast. 

Fermentation of the hydrolysate media was carried out by adapted P.stipitis for 

ethanol production. In 60 g/l sugars concentration, a prolong lag phase was observed and 

after 24 hours, the cell biomass concentration was found to be 0.30 g/1 and the maximum 

ethanol (20.13 g/1) was found after 72 hours (Fig. 4.31 (a)), however cell biomass in 

hydrolysate media with TRS 90.50 g/l was of 0.35 g/l for same duration of time (24 hours) 

(Fig. 4.32 (a)). Also, the maximum concentration of ethanol was found to be 27.18 g/l after 

72 hours. A parallel set of experiments were also performed with synthetic media as a 

control for both concentrations of TRS (Fig. 4.31 (b) and 4.32 (b). 

The ethanol yield was found to be 0.41 g/g in 60 g/l TRS hydrolysate whereas in 

synthetic media it was observed to be 0.46 g/g (Table 4.15). In hydrolysate media with 

TRS concentration of 90.50 g/1 the Yp was 0.38 g/g. The low ethanol yield in 90.50 g/l 

hydrolysate may be due to presence of little more toxic compounds (2.65 acetic acid and 

1.5 g/l furfural) in comparison to 60 g/1 (2.47 g/l acetic acid and 1.17 g/l furfural) or 

substrate inhibition. Hence low concentration of total reducing sugars (60 g/1) resulted in a 

better ethanol yield in comparison to the high concentration after detoxification. 

Several other studies have been done with olive tree [216]; wheat straw [217]; 

Water-hyacinth [218] and sugarcane bagasses [219] for ethanol synthesis in acid 

hydrolysate. The ethanol yield obtained from present study is comparable to the several 

other studies carried out by different authors (Table 4.16). Hence, the ethanol yield by 
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adaptive P. stipitis at different concentration of TRS in detoxified acid hydrolysate were 

found to be 0.28, 0.41 and 0.38 g/g for 11.66, 60 and 90.50g/l of TRS respectively (Fig. 

4.33). However the hydrolysate with TRS concentration of 60g/1 was found to be optimum 

concentration for a better yield. 

Table 4.14 Sugars composition in acid hydrolysate with of 60 and 90.50 g/1 total reducing 
sugars (TRS) 

Component 60 g/l TRS 90.50 g/l TRS 

Total reducing sugars 60.50±0.52 90.50±0.45 

Xylose 20.54±1.12 27.60±0.98 

Arabinose 18.26±1.52 28.43±0.62 

Glucose 6.25±0.89 8.29±0.87 

Other fermentable sugars 14.95±0.94 27.32±0.53 
(Mannose, cellobiose, galactose etc.) 
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Fig. 4.30 Toxic compounds, Acetic acid and furfural concentration before and after 

detoxification in (a) 60 g/l of acid hydrolysate (b) 90 g/l acid hydrolysate 
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(a)  

(b)  

Fig. 4.31 Fermentation profile of adaptive strain of P. stipitis (a) hydrolysate (60 g/l) (b) 

synthetic media (60 g/1) 
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(a)  

(b)  

Fig. 4.32 Fermentation profile of adaptive P. stipitis (a) hydrolysate (90 g/1) (b) synthetic 
media (90 g/1) 
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Fig. 4.33 A comparison in ethanol yield (Yp) in different concentration of total reducing 

sugars (11.66, 60 and 90.50g/1) 

117 



Results & discussion 

Table 4.15 Comparative table of different fermentation parameter for P.stipitis in 

detoxified acid hydrolysate (DAH) and synthetic media with concentration of 60 and 90 g/1 

60g11 	 90g11 
Fermentation 
parameters 	 Hydrolysate 	Synthetic 	Hydrolysate 	Synthetic 

media 	media 	media 	media 

Initial total reducing 60±0.15 60±0.20 90.50±0.21 90.50±0.35 
sugars, (g/l) 

Maximum ethanol 20.13±0.51 23.45±0.62 27.81±0.78 33.12±0.93 
concentration (g/1) 

Time (hours) 72 34 72 38 

Sugar consumed (%) 80.21±1.25 84.70±2.32 72.23±1.68 73.78±1.93 

Specific growth rate, 0.11710.032 0.211±0.010 0.104±0.016 0.237±0.003 
(h') 

Ethanol yield 0.4110.011 0.46±0.028 0.38±0.012 0.44±0.042 
coefficient, Yp/s (gig) 

Biomass yield 0.07±0.005 0.12±0.035 0.06±0.019 0.08±0.005 
coefficient ,Yx/s (g/g) 

Ethanol productivity, 0.28±0.027 0.69±.075 0.39±0.011 0.87±0.01 
Qp (g/l/h) 

Growth rate, Qx 0.05±0.002 0.19±0.032 0.06±0.032 0.16±0.031 
(g cells/l/h) 

Max. sugars 0.67±0.031 1.49±0.012 1.010.019 1.94±0.041 
consumption rate, Qs 
(gi1/h) 

Theoretical yield, 82.00±1.32 90.05±1.21 75.51±1.81 88.02±1.52 
❑ (%) 
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Sugarcane baggages 	P.tannophilis 	0.34 

Water-hyacinth P. stipitis 	0.42 

NCIM-3497 

Olive tree 

CECT No.1922 

Kans grass 

NCIM-3497 

	

0.57 	[259] 

	

0.17 	[260] 

P. stipitis 

Pichia stipitis 0.41 0.28 	Present work 

0.35-0.42 	0.17-0.36 	[257] 

Results & discussion 

Table 4.16 Ethanol productions from acid hydrolysate of various lignocellulosic materials 

by different researchers 

Substrate 	 Microrganism Yp (g/g) 	Qp (g/l/h) Reference 

Wheat straw 	 P. stipitis 	0.35 

NREL Y-7124 

Wheat straw 	 P. stipitis 	0.41 

NREL Y-7.124 

(Adaptive strain) 

	

0.30 	[255] 

	

0.54 	[255] 
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4.9.4 Ethanol production by dilute acid (112SO4) pretreated Kans grass hydrolysate 

obtained after enzymatic hydrolysis 

The acid pretreated Kans grass biomass was enzymatically hydrolysed with crude 

enzyme mixture (obtained after optimization) and the resulted sugar obtained was 

concentrated to 10 g/l for fermentation. The fermentation was carried out by using P. 
stipitis and the highest ethanol concentration of 3.15 g/1 was achieved at 28 hours (Fig. 

4.34 (a)) with the ethanol yield (Yp/s) of 0.43 g/g (Table 4.17) However, a control 

experiment was also performed with synthetic sugars (glucose lOg/1) in place of 

hydrolysate with the same other media components, the highest ethanol concentration was 

found to be 3.64 g/1 after 24 hours, whereas the ethanol yield (Yp/s) was found to be 0.46 

g/g (Fig. 4.34 (b)). The specific growth rates were found to be 0.22 and 0.26 h"1  in 

hydrolysate and synthetic media respectively. A higher biomass yield (Yx/s) was also 

observed .in synthetic media in comparison to the hydrolysate media which may be due to 

presence of some inhibitory compounds that might interfere in the process of fermentation. 

The maximum ethanol productivity and maximum sugars consumption rates were found to 

be 0.11 and 1.0 g/l/h respectively. 

The hydrolysate obtained after enzymatic hydrolysis was also utilised for the-

ethanol production by using S. cerevisiae. The fermentation experiments were carried out 

with hydrolysate as well synthetic media (Fig. 4.35 (a) and (b)). The maximum ethanol 

concentration was found to be 3.09 g/l after 28 hours with ethanol yield (Yp/s) of 0.46 g/g. 

when the similar experiment was carried out with synthetic sugars media the ethanol yield 

of 0.47g/g was observed after 20 hours. However, the ethanol productivity was 0.11 g/l/h 

(Table 4.17). 

Hence S. cerevisiae was found to be better yeast for ethanol yield in comparison to 

the P. stipitis. The ethanol yield obtained in sugar hydrolysate (0.46 g/g) (after enzymatic 

hydrolysis) with S. cerevisiae was found to be approximately to that obtained in synthetic 

media (0.47 g/g) (Fig. 4.36). Several studies have been reported in the literature for 

separate hydrolysis (acid pretreated biomass) and fermentation by different authors (Table 

4.18). And when their results were compared with that of present study it was found that 

the results in term of ethanol yield were comparable 

4.9.5 Ethanol production using NaOH pretreated Kans grass hydrolysate obtained 

after enzymatic hydrolysis 
The sugar hydrolysate obtained after enzymatic hydrolysis (using crude enzyme 

mixture obtained from T. reesei) of NaOH pretreated Kans grass biomass was utilized for 
120 



Results & discussion 

bioethanol production by using yeast strains of S. cerevisiae and P. stipitis shown in Fig. 

4.37 (a) and Fig. 4.37 (b) respectively. When the fermentation was carried out by using S. 

cerevisiae adjusting initial TRS concentration at 1Og/l, the ethanol concentration was found 

to be 2.89g/1 with ethanol yield (Yp) 0.38 g/g after 32 hours (4.37 (a)). The specific growth 

rate was estimated to be 0.22 h"1  (Table 4.19). 

Similarly when, fermentation was carried out using P. stipitis in hydrolysate media 

with lOg/l of initial TRS concentration. The ethanol concentration was estimated to be 3.2 

g/l after 24 hours. Complete sugar consumption (g/1), ethanol production (g/1) as well as 

cell biomass formation (g/1) profile is shown in Fig. 3.37 (b). The bioethanol yield was 

found to be 0.44 g/g with specific growth rate of 0.22 h-' (Table 4.17). 

Hence a better ethanol yield (0.44 g/g) was observed when P. stipitis was used for 

fermentation. As P. stipitis is one of the yeast strains that can utilize wide range of hexose 

and pentose sugar including glucose, mannose, galactose, xylose and cellobiose. As the 

NaOH pretreated biomass is mainly composed of cellulose and hemicellulosic portion after 

removal of lignin content during pretreatment. The enzyme mixture that was used for 

enzymatic hydrolysis was composed of xylanase and cellulase activity. Hence during 

hydrolysis both type of sugars (pentose and hexose, mainly glucose) were solubalize and 

were present in this sugar mixture. The P. stipitis which can utilize both types of sugars for 

ethanol fermentation was found to be more efficient in term of ethanol yield (0.44 g/g) to 

S. cerevisiae (0.38 g/g) which mainly can utilize glucose sugar for ethanol fermentation. 
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(a)  

(b)  

Fig. 4.34 Fermentation profiles of adaptive P. stipitis in (a) hydrolysate obtained after 

enzymatic hydrolysis of acid pretreated Kans grass biomass (b) synthetic media 
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(a) 

(b) 

Fig. 4.35 Fermentation profiles of S. cerevisiae in (a) hydrolysate obtained after 
enzymatic hydrolysis of acid pretreated Kans grass biomass ) synthetic media 
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Fig. 4.36 A comparison in maximum ethanol yield (Yp/s) during ethanol fermentation by 

P. stipitis and S. cerevisiae in Crude enzymatically saccharified Kans grass biomass 

(dilute H2SO4 pretreated) hydrolysate and synthetic media 
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Table 4.17 Fermentation by S. cerevisiae and P. stipitis in sugar hydrolysate obtained after 

H2SO4 and crude enzyme treated biomass 

S. cerevisiae 	 P. stipitis 
Fermentation 
parameters 	 Hydrolysate Synthetic Hydrolysate Synthetic 

media 	media 	media 	media 

Initial total reducing 10.33±0.32 10.33±0.45 10.33±0.21 10.33±0.36 
sugars, (g/1) 

Maximum ethanol 3.09±0.13 4.64±0.17 3.15±0.08 3.64±0.03 
concentration (g/1) 

Time (hours) 28 20 28 24 

Sugar consumed (%) 64.28±2.43 95.16±1.31 72.80±1.11 77.81±0.91 

Specific growth rate, g. 0.12±0.021 0.17±0.032 0.22±0.012 0.26±0.004 
(h-' )  

Ethanol yield 0.46±0.015 0.47±0.029 0.43±0.011 0.46±0.014 
coefficient, Yp/s (g/g) 

Biomass yield 0.45±0.029 0.34±0.032 0.58±0.011 0.68±0.004 
coefficient ,Yx/s (g/g) 

Max. ethanol 0.11±0.052 0.23±0.062 0.1110.021 0.15±0.023 
productivity, Qp (g/l/h) 

Max.growth rate, Qx 0.18±0.032 0.23±0.062 0.15±0.024 0.20±0.027 
(g cells/1/h) 

Max. sugars 0.23±0.019 0.16±0.041 1.0±0.017 1.94±0.03 8 
consumption rate, Qs 
(g/l/h) 

Theoretical yield, 91.12±1.32 92.55±1.21 84.84±1.52 91.17±1.21 
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Table 4.18 Comparison of Separate hydrolysis and fermentation results from various 

lignocellulosic materials pretreated by dilute H2SO4 

Substrates Enzyme source for 
Saccharification 

Microorganisms 
for ethanol 
production 

Ethanol 
Yield 
(g.g"1) 

References 

wheat starch pre Commercial Recombinant 0.47 [320] 
fermentation enzyme Sacchromyces 
effluent cerevaceai strain 

REF 

wheat starch post Commercial Recombinant 0.46 [320]  
fermentation enzyme Sacchromyces 
effluent cerevaceai strain 

REF 
Prosopis juliflora Commercial Sa cchromyces 0.49 [321]  

enzyme cerevaceai 

Saccharum A. oryzae P.stipitis 0.38 [322]  
spontaneum 

Barley straw Commercial Recombinant 0.48 [232] 
enzyme E. coli 

Bans grass Crude from Sacchromyces 0.46 Present 
T. reesei cerevaceai study 
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(a) 

tD) 

Fig. 4.37 Fermentation profiles of (a) P. stipitis and (b) S. cerevisiae in hydrolysate 

obtained after enzymatic hydrolysis of dilute NaOH pretreated Kans grass biomass 
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Table 4.19 Fermentation of hydrolysate (obtained after NaOH and crude enzyme 

pretreatment of Kans grass biomass) by using S. cerevisiae and P. stipitis 

Hydrolysate media 
Fermentation parameters 	

S. cerevisiae 	P. stipitis 

Initial total reducing sugars, (g/1) 	 10.21±0.32 	10.13±0.27 

Maximum ethanol concentration (g/1) 	2.89±0.23 	3.29±0.31 

Time (hours) 	 32 	 24 

Sugar consumed (%) 	 78.19±1.87 	74.60±2.31 

Specific growth rate, µ (h-1) 	 0.22±0.04 	0.220.03 

Ethanol yield coefficient, Yp/s (g/g) 	0.38±0.05 	0.44±0.07 

Biomass yield coefficient ,Yx/s (g/g) 	0.58±0.08 	0.64±0.08 

Ethanol productivity, Qp (g/l/h) 	 0.090±0.01 	0.13±0.06 

Growth rate, Qx (g cells/1/h) 	 0.14±0.02 	0.20±0.03 

Max. sugars consumption rate, Qs (g/l/h) 	0.24±0.02 	0.31±0.02 

% Theoretical yield, ❑  (%) 	 75.1611.22 	86.47±2.31 

4.9.6 Comparison in ethanol yield in hydrolyzates obtained after enzymatic hydrolysis 

of acid (H2SO4) and alkali (NaOH) pretreated biomass 

The hydrolysate obtained (10g/1) after enzymatic hydrolysis of dilute H2SO4 

pretreated biomass was utilized for the further fermentation process by using S. cerevisiae 
as well as P. stipitis. It was observed that S. cerevisiae resulted better yield (0.46 g/g) than 
the P. stipitis (0.43 g/g) on same time period of 28 hours. 

Hydrolysate (10 g/l of TRS) obtained after hydrolysis of alkali pretreated biomass 

was used for fermentation again by using yeasts, S. cerevisiae and P.stipitis. Ethanol yield 

of 0.38 g/g was obtained after fermentation by using S. cerevisiae while 0.44 g/g was 
found by P. stipitis 

Hence a highest yield of 0.46 g/g was found by using S. cerevisiae in H2SO4 

pretreated hydrolysate (after enzymatic hydrolysis). As dilute H2SO4 pretreatment caused 

the exclusion of mainly hemicellulosic portion with removal of lignin, thus resulted 
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biomass. mainly composed of cellulose (glucose polymer). When this biomass was treated 

with crude enzyme mixture, the librated sugars mainly composed of glucose with little 

xylose. As S. cerevisiae is known to be the organism for glucose utilizing yeast for ethanol 

fermentation so, it resulted in the better yield than the P. stipitis. In a study, SO2 pretreated 

spruce by using recombinant strain of S. cerevisiae gave 0.38 g/g of ethanol yield [324]. 

On the other hand NaOH pretreated biomass composed of both hemicellulose. and 

cellulose with removal of major portion of lignin. When crude enzyme was supplied for 

hydrolysis it resulted in the solubilization of hemicellulosic part (mainly xylose, from 

xylanase actionpresent in crude enzyme mixture) with cellulosic part. As S. cerevisiae is 

not able to utilize the xylose hence low ethanol yield was obtained (0.38 g/g) in 

comparison to P. stipitis. As P. stipitis able to utilized xylose efficiently and also other 

sugars hence a better yield of ethanol was obtained (0.44 g/g). 

129 



Chapter 5 
Conclusions 

As without taking any share of agricultural lands used for food and feed production, 

forest and for other use, there are waste and marginal lands where Kans grass (Saccharum 

spontaneum) which is a weed can be cultivated and can be used for the production of 

bioethanol. 

• This study investigated the potential of a novel biomass (Kans grass) that can be 

cultivated on waste land throughout the year and can be utilized for bioethanol 

production. This biomass do not required special cultivation care as it can grow on 

margin/waste land and no extra pressure is there on crops land. Addition of this, 

biomass is available through out of year. 

• One of the objectives was characterisation of this novel biomass (Kans grass), 

Holocellulose was found to be 64.73% on dry weight basis. The total lignin was 

observed to be 25.15% with ash and moisture contents of 2.1 and 4.7% respectively. 

Hence a high amount of carbohydrate is available that can be further solubalize into 

fermentable sugars for bioethanol production. 

• The most substantial effect of sulphuric acid pretreatment on Kans grass biomass is 

the solubilization of hemicellulose portion. For dilute sulphuric acid pretreatment 

different concentrations of H2SO4 as well as four reaction time duration with three 

different temperatures (4x4x3) were used to obtain the optimum condition for 

maximum sugars solubilization. The condition with 2% H2SO4, 90 minutes of reaction 

time and 120°C of pretreatment temperature the total reducing sugars concentration 

was found to be 11.66 g/l. Compositional results of optimised condition (2% II2SO4, 

90 minutes and 120°C) showed removal of 77.06% of hemicellulosic and 19.72% 

cellulosic portion with 28.04% of lignin removal. Low concentration of H2SO4 and 

low temperatures make this process more economically feasible. Fewer amounts of 

toxic compounds generated which removed by detoxification process and minimized 

the toxic compounds concentration by. 3 to 4 times. 

• Dilute NaOH pretreatment was performed using four dilute NaOH concentrations 

with four reaction time and three temperatures (4x4x3). The maximum removal of 

lignin (79.30%) was observed at 2% NaOH concentration with reaction time of 90 

minutes at 120°C. NaOH pretreatment was found to be more significant for the 



Conclusions 

maximum removal of lignin & made biomass less rigid for better action of enzyme 

on holocellulose in further step of saccharification. 

As for bioethanol production saccharification for. lignocellulosic material, cellulase 

enzyme production accounts of 40% of total cost in bioethanol synthesis. Therefore, 

in the present study effort were done for on site production of crude enzyme from the 

T. reesei and further hydrolysis of pretreated biomass was performed using the crude 

enzyme preparation and was compared with commercial enzyme preparation. 

Interestingly, soluble sugars released from lignocellulosic biomass were 

approximately similar with both crude enzyme preparation and commercial enzyme. 

Therefore, this crude enzyme mixture was equally efficient to that of the commercial 

one. When comparison was done for enzymatic hydrolysis of acid and alkali 

pretreated biomass, a five times higher total reducing sugars released in case of alkali 

pretreated biomass. Hence, on site produced crude enzyme (from T reesei) to obtain 

total reducing sugars may be more cost effective process during this study. 

Pretreatment is important for hydrolysis step as it delignify the biomass with 

liberation of sugars and result the better enzyme action. Hence in the present study 

NaOH pretreatment was found to be better strategy in comparison of dilute acid 

pretreatment which resulted about 5-times higher TRS forniation after enzymatic 

hydrolysis. 

• An acid adaptive strain of P. stipitis was developed that showed improved bioethanol 

yield as well as less fermentation time in acid hydrolysate in comparison to the wild 

strain. Dilute acid pretreatment can solubalize the hemicellulosic crystalline sugars 

into different monomeric sugars including Xylose, arabinose, glucose and other 

sugars. After concentrating this hydrolysate it was fermented using this acid adaptive 

P. stipitis which provided better yield. 

• The hydrolysate obtained after enzymatic hydrolysis of acid and alkali pretreated 

biomass was further utilized for bioethanol production by using yeasts S. cerevceai 

and P. stipitis and a high ethanol yield comparable to the other authors was obtained. 

The ethanol yield obtained was found to be close/comparable to the other studies for 

ethanol production. 
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Future prospects 

• To study acid pretreatment at higher biomass loading (10-15%) as well as high 

temperatures (up to 160°C) to obtained higher hemicellulosic sugar liberation. 

• Development of SSF (simultaneous saccharification and fermentation) strategy, in 

which both hydrolysis and fermentation steps can be combined. 

• Scale-up of fermentation process in bioreactor by using batch, fed batch as well . 

continuous strategies 

• To develop co-fermentation technology by using two different microorganism, one 

for pentose and other for hexose utilizing organism 
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