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SUMMARY 

 Lignocellulosic bioethanol represents the conversion of largest renewable 

biomass into transport fuel. For a particular plant biomass biological conversion 

economy is essentially dependent on the abundance and low/no cost abailability of the 

raw material / feedstock and development of efficient saccharification and 

fermentation processes. Simultaneous saccharification and fermentation (SSF) has 

been considered an appealing strategy in this regard. Recently natural feedstocks’ 

bioprocessing without the involvement of pre-treatment/detoxification processes is 

being investigated by workers for developing consolidated processes. The present 

study reports a simple consolidated bioprocess for conversion of poplar parings into 

ethanol. Poplar tree is cultivated in Pakistan to feed the needs of matchsticks, 

toothpics, ice creams stick and wooden crates. Resultantly its leaves and twigs are 

wasted, while the tree’s parings are rich in cellulosic content and thus represent 

renewable low/negative cost fermentable feedstock.  

 A bacterium isolated from fish gut and preserved in the conservatory of 

Microbiology laboratory, Department of Zoology, University of the Punjab, Lahore 

was found cellulolytic as well as ethanologenic while saccharifying and fermenting 

the poplar parings. The bacterium had been identified as Bacillus cereus following its 

16 S rDNA sequencing. In course of the present study its genome was sequenced 

commercially.  

 An ethanologenic yeast was isolated from surface soil that had long been 

impregnated with fresh sugarcane juice. The yeast was found compatible for co-

culturing with the Bacillus cereus. The yeast grew best at 37
o
C; the optimum growth 

temperature of the bacterium (B. cereus) too. The yeast was identified as Candida 

tropicalis following its 18S rDNA sequencing.  
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 The present research reports pretreatment of poplar pairings by dilute acid, 

alkali and steam under pressure. For acid pretreatment three variables employed for 

Box-Bhenken Design (BBD) of response surface methodology (RSM) were sulphuric 

acid concentration, substrate loading and residence time. It was found that maximum 

amount of total sugars and total phenolic compounds with respective values of 

163.056 and 57.386 (mg/ml) were liberated at 15% (w/v) substrate loading and 4 hrs 

of retention time in 0.8% (v/v) sulphuric acid at room temperature. Whereas highest 

level of reducing sugars (6.59 mg/ml) was obtained at 15% substrate loading and 6 

hrs of soaking time in 0.6% sulphuric acid. The proposed model was found 

statistically significant (P<0.001) for removal of total phenolic compounds. Total 

sugars, reducing sugars and total phenolic compounds had the Fisher’s F-test values 

of 2.85, 48.39 and 8.08, respectively. Coefficient of determination values of total 

sugars, total phenolic compounds and reducing sugsrs (83.68%, 98.85% and 93.57%, 

respectively) predicted the goodness of fit of the model. Mass balance analysis of the 

acid pretreated substrate revealed that maximum degradation (80%) was obtained 

when 0.6% sulphuric acid was applied for 6 hrs at room temperature.  

 When the acid treatment was coupled with autoclaving, it was found that 

maximum amounts of total sugars and phenolic compounds with respective values of 

303.064 and 38.801 (mg/ml) were obtained when 15% substrate was treated with 

0.6% sulphuric acid for 6 hrs. Whereas highest amount of reducing sugars upto 

17.053 mg/ml was released when 10% substrate was soaked in 1.0% sulphuric acid 

for 8 hrs before autoclaving at 121
o
C for 20 minutes. The sugars production was 

vividly higher following the thermochemical pretreatment as compared to the acid 

alone. Whilst lower amount of total phenolic compounds was released following the 

thermochemical treatment. Mass balance analysis of the acid plus steam treated 
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substrate showed 66.5% maximum degradation at 15% substrate loading treated with 

0.8% sulphuric acid for 8 hrs before autoclaving. The total sugars, reducing sugars 

and total phenolic compounds released following acid plus steam pretreatment had 

Fisher’s F-test values of 17.18, 3.17 and 5.84, respectively.  

 The substrate (poplar leaves and twigs 1:1) was also treated with dilute NaOH. 

Using BBD, it was found that maximum total sugars upto 184.18 mg/ml, reducing 

sugars upto 6.50 mg/ml and total phenolic compounds upto 47.73 mg/ml were 

released when 15% of the substrate was treated with 3% NaOH for 4 hrs at room 

temperature. The total sugars, reducing sugars and total phenolic compounds rebased 

following the alkaline pretreatment of the substrate had Fisher’s F-test values of 1.66, 

0.95 and 3.69, respectively. Mass balance analysis of the alkaline treated substrate 

showed a maximum degradation of 76% at 5% substrate loading treated with 5% 

NaOH for 6 hrs.  

 Following the alkaline plus steam pretreatement of the substrate it appeared 

that highest amount of total sugars upto 305.64 mg/ml was liberated at 15% substrate 

loading treated with 5% NaOH for 6 hrs before autoclaving. Maximum reducing 

sugars (16.65 mg/ml) were obtained at 10% substrate treated with 1% NaOH for 8 

hrs. Whereas maximum total phenolic compounds measuring upto 166.91 mg/ml were 

obtained when 15% substrate was soaked in 3% NaOH for 8 hrs at room temperature 

before autoclaving. The Fisher’s F-values of 43.03, 10.68 and 139.12 were observed 

for total sugars reducing sugars, and total phenolic compounds, respectively. The 

mass balance analysis of the base plus steam pretreated substrate showed maximum 

degradation of 90% when 5% substrate was treated with 1% NaOH for 6 hrs before 

autoclaving.  
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 The Bacillus cereus yielded 0.698 IU/ml/min of exoglucanase and was thus 

selected for this study amongst the five Bacillus species screened initially. The 

cellulase optimization experiments revealed 0.5% yeast extract, 0.09% MgSO4 and 

0.03% peptone as optimum concentrations for maximum cellulase production while 

using poplar substrate as carbon source. Initial pH 9.0, 37
o
C incubation temperature 

and 2% inoculum size were found optimum for maximum productions of exo as well 

as endogluconases ranging from 2.36 to 2.00 and 2.55 to 3.49 IU/ml/min, 

respectively, by the B. cereus.  

 The saccharification experiments employing the crude enzymes were 

conducted at 50
o
C. The bacterial exoglucanase and the commercial cellulase released 

total sugars upto 31.42 mg/ml and 41.18 mg/ml, respectively after 6 hrs of incubation 

at 50
o
C using raw poplar biomass. Steam under pressure treated poplar biomass gave 

better results as compared to both the categories of acid and alkali pretreated 

substrates. Therefore the steam under pressure treatment was selected as the most 

simple and efficient pretreatment for the substrate for subsequent saccharification by 

cellulases from the B. cereus.   

Potential of the cellulolytic B. cereus for saccharification of lignocellulosic 

substrate and bioethanol fermentation was unveiled by employing the separate 

hydrolysis and fermentation (SHF) as well as simultaneous saccharification and 

fermentation (SSF) processes. The bacterium B. cereus grew successfully in a 

medium comprised of 2% substrate (poplar), 0.5% yeast extract, 0.03% peptone and 

0.09% MgSO4 with 2% inoculum. The culture was incubated at 37
o
C with agitation of 

120 rpm for 24 hrs. The crude enzyme was used to saccharify the poplar substrate and 

the sugars stream was then fermented with the help of bacterium, yeast and their co-

culture. The bacterium and the yeast were also employed for processing the non-
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saccharified substrate to develop consolidated saccharification and fermentation 

processes. The bacterium grew well in the substrate hydrolyzate and a cell count of 

2965 x 10
7
/ml was recorded at first sampling which increased upto 19701x10

7
 at 96 hr 

post fermentation. The yeast grew upto 513 x 10
6
 cells/ml at 24 hrs which increased 

upto 852x10
6
 cell/ml at the last sampling period. In case of co-culture the bacterium 

showed initially tremendous growth upto 10186 x 10
7
 cell/ml at 24 hr which was 

243.54% higher than the corresponding value of the cell count when its was 

monocultured. Thereafter the bacterial counts reduced but stablized over 8000 x 10
7
 

cell/ml at remaining sampling times. So that the co-cultured cell counts appeared 

45.32% higher but 85% and 56.90% lesser than the corresponding monocultured 

bacterial counts at 48, 72 and 96 hrs, respectively. Whereas the co-cultured yeast grew 

moderately with cell counts of 166 x 10
6
, 194 x 10

6
, 394 x 10

6
 and 506 x 10

6
 at 24, 

48, 72 and 96 hrs, respectively. These yeast cell counts were 67.64%, 60%, 23.35% 

and 40.61% lesser, respectively than their corresponding values when the yeast was 

mono-cultured in the hydrolyzate. In case of SSF, wherein the non-saccharified 

substrate was provided, the bacterial cell counts remained several folds less than the 

corresponding values for mono as well as co-cultures raised in the saccharified 

substrate. The yeast cell counts in case of SSF also remained less than all the values 

of its monoculture (SHF). Whereas the SSF yeast cell counts of the 72 and 96 hrs 

stages were 64.21% and 50.99% lesser, respectively than their corresponding values 

in the SHF co-culture. The batch fermentations of the saccharified substrate revealed 

that the amounts of HMF; one of the major inhibitors molecules generated during the 

lignocellulosic breakdown, in general, went down at end of the fermentation period. 

For the bacterially fermented saccharified substrate the HMF content reduced from 

489 ±38.1 µg/L at 24 hrs sampling point to 232µg/L (52.56%) at the last (96 hr) 
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sampling period. In case of co-culture this reduction in the HMF content decreased to 

21.77%. However, in case of the yeast fermented poplar hydrolyzate the HMF content 

dropped down to 351.3 ±48.6 µg/L right at first sampling point and thereafter the 

inhibitor compound become un-detectable. In case of SSF, the HMF could appear 

only at 72 and 96 hrs of fermentation with respective values of 260.3 ±25.8 and 243 

±8.66 µg/L. Acetic acid content amongst the differently fermented substrates ranged 

from 460 ±230 to 5360 ± 503 mg/L. The highest acetic acid contents were 

encountered in case of SSF.  

 Glucose and xylose monomers of 2% substrate saccharified by the bacterial 

cellulases measured upto 6.742 and 8.561 mg/ml, respectively. The bacterial 

inoculation caused 51.63% and 77.88% reductions in the glucose and xylose contents, 

respectively of the hydrolyzate at 24 hrs sampling point. Besides the bacterial cell 

mass formation, ethanol production at this level was 80.52 ± 24.2 mg/L. In case of 

yeast monoculture the glucose and xylose contents reduced down to 34.17% and 

85.28%, respectively at 24 hrs post-inoculation with con-comittant ethanol production 

of 634 ±159 mg/L. Following 24 hrs of co-culturing of the microbes in the substrate 

hydrolyzate the glucose and xylose reduced down to 39.69% and 82%, respectively 

with accompanying ethanol fermentation level of 501.38 ±46.7 mg/L. Glucose 

content of 24 hrs incubated SSF fluids were 1568 ±226 mg/L, whereas the xylose 

remained non-detectable throughout the study period. Ethanol productions at 24, 48, 

72 and 96 hrs of incubations for the SSF experiment were 140.43 ±44.8, 60.18 ±13.5, 

177.78 ±23.9 and 83.48 ±10.3 mg/L, respectively. Excepting the SSF experiment the 

maximum ethanol productions were observed at first sampling period. In the present 

experiments no pre-treatment, except the autoclaving was applied. Whereas no 

attempt was made for detoxification of the inhibitors molecules. The bacterium as 
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well as the yeast grew, in general, well in the media comprising of the substrate. 

Although the ethanol yields remained in general low. But owing to the less chemical 

and technological inputs these models can be upgraded by incorporating low-cost 

nutrient supplement, applying strict anaerobic conditions following initial optimum 

microbial growth to restrict further biomass formation and oxidative metabolism and 

introducing gas stripping procedure to the batch fermentor.  

 It is likely that application of above mentioned strategies and other suitable 

processes will enhance the ethanol yield from lignocellulosic feedstocks in an 

environmentally sustainable way. Conclusively, the simple experiments reported here 

provide a workable model to assess the potential of suitable microbes for bioethanol 

production from plants’ biowastes by a simple consolidated bioprocess with incentive 

of animal feed without need of drastic pretreatment(s) and chemical detoxifications. 

However, upscaling of the process will require application of microorganisms 

exhibiting tolerance to high temperature and high resistance to ethanol and inhibitory 

substances.  
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1. INTRODUCTION 

 Sole responsibility of present environmental deterioration ranging from local 

destructions of various biotic habitats to global warming is conferred to the 

anthropogenic activities. The drastically changing shape of the biosphere is the direct 

consequent of the humans’ deeds. However, the Homo sapiens have also realized their 

cumulative negatively impacting doings and consequently efforts over the world have 

been started to design reverse gears for the deteriorative processes. In this regard 

provision of biofuels, which primarily started as possible alternatives to the rapidly 

dwindling fossil fuels is also advantageous regarding the current environmental 

issues.  

 Presently the term biofuels mainly includes bioethanol, biodiesels, 

biohydrogen and biomethane. Of these ethanol was the first to be recognized as 

biofuel and thus has accordingly been studied extensively and in fact is well is use in 

certain countries to fuel transport sector. Many microorganisms, especially certain 

strains of yeasts and bacteria including the most abundantly reported Saccharomyces 

cerevisiae are well known for their abilities of fermenting sugars to ethanol. The 

processes have been optimized both for the types of sugars available and the 

fermenting microbes. However, the human population explosion and increasing levels 

of carbohydrates/sugar consumption have rendered the familiar and established 

ethanol fermentation as (human) food competing, excepting for few countries wherein 

the sugar source crops are cultivated more than the human needs. For instance 495 

billion hectors of total sugarcane cultivated in Brazil is fed to the ethanol refineries 

and 62% of motor cars in this country are run by consuming its own biofuel. Brazil 

started this experience in 1970s (Rosillo-Calle and Cortez, 1998; Cerqueira et al., 

2009). However, bioethanol to be used in energy sector at global level necessitates its 
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production from non-food competing sources such a lignocellulosic biomass 

(Ragauskas et al., 2006; Wyman, 2007; Lynd et al., 2008; Metzger and Huttermann, 

2009; Sims et al., 2010; Park et al., 2012; Jouzani and Taherzadeh, 2015; Aditiya et 

al., 2016; Zabed et al., 2017).  

 Responding to the food competing nature of the first generation ethanol 

fermentation, 2nd generation bioethanol refineries are being considered pivotal for 

sustainable supplies of the biofuel. The second generation ethanologenic 

fermentations are ready to employ non-food plant biomass resources to yield the 

produce at commercial scale. The lignocelluloses are obviously the largest 

biopolymers regenerated over the globe (Najafi et al., 2009). Lignocellulosic derived 

biofuels are considered a valid and environmentally sustainable alternative resource to 

the non-renewable fossil fuels. One of the major benefits of the lignoethanol is that it 

is an eco-friendly fuel and emits lesser amount of green house gases as compared to 

fossil fuels (Hill et al., 2006; Sipos et al., 2009; Limayema and Ricke, 2012). Second 

generation bioethanol (production from lignocellulosic biomass) has been recognized 

as potential sustainable renewable alternative energy resource for limited supply of 

fossil fuels such as gasoline and is also encouraging to solve the environmental crisis. 

Diversity of both possible routes of its production and existing production 

technologies are likely to develop into feasible (cost) production units with lesser 

emission (Hoefnagels et al., 2010; Aditiya et al., 2016). The most abundant and non-

feed competitive source of fermentable carbohydrates accounts for 50% of total 

biomass on earth and is estimated that 10-50 million tons of lignocellulosic biomass is 

produced per year (Claassen et al., 1999). Lignocellulosic biomass is composed of 

cellulose, hemicelluloses, lignin and several inorganic components. Regarding the 

major constituents, composition of some common agri-residues is given in table 1. 
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Cellulose account for 33-51%, hemicelluloses 19-34% and lignin 21-32% on dry 

weight basis, while protein, ash and oil makes the remaining %ages. Cellulose is the 

more abundant polysaccharide comprising of D-glucose monomers joined with each 

other through β-1,4 linkages (Malherbe and Cloete, 2003). Conversion of cellulose 

and hemicelluloses into bioethanol is, however, not a one step process.  

Table 1. Compositional fractions of some agri-residues /wastes
a
.  

 

Lignocellulosic material Cellullose (%) Hemicellulose (%) Lignin (%) 

Hardwoods stems 40–55 24–40 18–25 

Softwood stems 45–50 25–35 25–35 

Nut shells 25–30 25–30 30–40 

Corn cobs 45 35 15 

Grasses 25–40 35–50 10–30 

Paper 85–99 0 0–15 

Wheat straw 30 50 15 

Sorted refuse 60 20 20 

Leaves 15–20 80–85 0 

Cotton seed hairs 80–95 5–20 0 

Newspaper 40–55 25–40 18–30 

Waste papers from chemical 

pulps 

60–70 10–20 5–10 

Primary wastewater solids 8–15 NA 24–29 

Swine waste 6.0 28 NA 

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

Coastal Bermuda grass 25 35.7 6.4 

Switch grass 45 31.4 12.0 

Poplar tree 43.2 26.6 1.3 

NA – not available. 

a: Reshamwala et al., 1995; Cheung and Anderson 1997; Boopathy 1998; 

Esteghlalian et al., 1997 and Dewes and Hünsche 1998. 

 Course of the lignocellulose bioconversion into ethanol encompasses the sub 

processes of pretreatments, saccharification and ethanol fermentation. Of the 

lignocellulose constituents, the hexoses sugars are fermentable by the familiar 

brewing agent the Saccharomyces cerevisiae or the process might be accomplished by 

recruiting the ethanologenic bacteria and fungi. However, bacteria are more capable 

of fermenting xylose and also glucose by producing their fermentative enzymes 

http://www.sciencedirect.com/science/article/pii/S0960852401002127#BIB35
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(Chang and Yao, 2011; Jarboe et al., 2012). Depending on a two or single-stage 

hydrolysis process, glucose and xylose derived from lignocelluloses can be converted 

into ethanol by separated fermentations or by a co-culture process by using, in both 

cases, two microorganisms specific for each of the sugars (Laplace et al., 1993). 

Although xylose can be fermented by different yeasts and bacteria including Pichia 

stipitis and Candida shehatae. Saccharomyces cerevisiae and Zymomonas mobilis but 

they ferment glucose with better productivities and ethanol yields (Laplace et al., 

1993). In either case lignocellulosic substrates require some form of pretreatment(s) 

and hydrolysis for delignification of celluloses and hemicelluloses and to release the 

physico-chemically bound sugars. Thus in order to proceed for ethanol fermentations 

employing plant biomass, it is necessary to mobilize lignocellulosic lignin from the 

complex substrate to render enzymatic saccharification of cellulose. For efficient pre-

treatment and saccharification of lignocellulosic substrates various methods including 

dilute acid, steam explosion, hot water treatment and enzymatic pre-treatments have 

been documented (Morjanoff and Gray, 1987; Handriks and Zeeman, 2009). 

Appealing yields of ethanol have been obtained after enzymatic hydrolysis (Martin et 

al., 2007). Diverse methods including dilute acid and steam explosion have been 

studied extensively (Sun and Cheng, 2002). A pretreatment procedure disrupts 

hydrogen bonds in cellulose as well as cross liked hemicelluloses matrix and breaks 

down lignin. Resultantly porosity and surface area of cellulose are increased. In short, 

during the processes of pretreatments and the subsequent hydrolyses, molecules 

constituting the cellulose, hemicelluloses and the lignin liberate hexoses, pentoses and 

a series of other molecules, respectively (Howard et al., 2003; Li et al., 2010). 

Obviously the hydrolytic products of cellulose and hemicelluloses constitute the 

streams of sugars fermentable into ethanol. Whereas the building block of lignin are 
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released/converted into certain organic acids, phenolic compounds and furan 

derivatives (Larsson et al., 1999a; Mussatto and Roberto, 2004; Liu et al., 2009; Mills 

et al., 2009).  

 The series of molecules which emerged from the breakdown of lignin, the 

cellulose stabilizing mesh and metabolism of pentoses and hexoses during 

pretreatment(s) act as inhibitors. Consequent to pre-treatment and saccharification 

processes the generated toxic inhibitors affect the production of bioethanol negatively 

during subsequent fermentation. The inhibitory compounds are mainly divided into 

three groups; weak acids, furan derivatives and phenolics (Larsson et al., 1999a; 

Mussattoand Roberto, 2004; Lui et al., 2009; Mills et al., 2009). Among the major 

weak/organic acids are formic acid, acetic acid and leviulinic acid. Acetic acid gets 

generated during the pre-treatment of acetyl group of hemicelluloses, whereas 

leviulinic and formic acids are formed by the thermo-chemical treatment of 

polysaccharides. Formic and leviulinic acids are also products of the degradation of 

HMF and furfural (Dunlop, 2011). Aldehydes such as furfural and HMF (5-hydroxy-

methyl furfural) are commonly formed in lignocellulosic hydrolysates. These furan 

derivatives inhibit the growth of the yeasts as well as the ethanol yields (Larsson et 

al., 2000; Liu et al., 2004). Of these inhibitors acetic acid, formic acid, 

hydroxymethyl furfural (HMF), furfural and other phenolic compounds when 

accumulate in sufficiently higher amounts inhibit the microbial growth and enzymatic 

saccharification process as well as the fermentation (ethanologenesis) abilities of the 

microorganisms recruited for ethanol fermentation from cellulose (Larsson et al., 

1999b; Palmqvist and Hann-Hagerdal, 2000; Klinke et al., 2004; Wyman, 2007; 

Cavka and Jonsson, 2013). Ethanol fermentation of soluble sugars is usually 

accomplished by the application of ethanologenic yeast species such as S. cerevisiae 
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(VanZyle et al., 2007). Several bacterial species are also well known for their 

ethanologenic potential. But their yields have generally been reported inferior than the 

yeasts. Whereas on the other hand bacterial species such as Clostuidium thermocellum 

are capable of converting cellulosic substrates albeit through saccharifying them into 

ethanol in a consolidated process (Zverlor et al., 2002; Zverlor and Schwarz, 2004; 

Demain et al., 2005). Inasmuch as the accomplished ethanol fermentation process is 

considered the ethanologenic yeasts are considered mendatory for first as well as 

second generation bioethanol refineries (Laplace et al., 1993; Taniguchi et al., 1997).  

 As mentioned above that different hydrolyses routes of lignocelluloses 

substrates results into the liberation / generation of the compounds inhibitory to both 

cellulolytic as well as ethanol fermentation processes. Therefore, these inhibitors 

represent a major bottle-neck for the lignocellulosic bioethanol dream to be 

materialized into reality. The mixture of different inhibitors creates bottle necks by 

rendering both substrate and the hydrolytic enzyme(s) less accessible to each other. 

Combination of inhibitors also affects the growth rates and fermentation activities of 

bacterial and yeast species during ethanol fermentation (Palmqvist et al., 1997; 

Zaldivar et al., 1999; Zaldivar et al., 2001). Many workers have documented different 

ways of inhibitors removal/detoxification. Various chemical, biological and physical 

methods for removal/detoxification of inhibitory compounds have been reported 

(Larsson et al., 1999a; Pienkon and Zhang, 2009; Parawira and Tekere, 2011; 

Chandel et al., 2013).  

Isolation and preservation of the inhibitors resistant cellulolytic and/or 

ethanologenic microorganisms is need of the day for saccharifying and fermenting 

lignocellulosic substrates leading to cost effective bioethanol productions. For 

environmental concern co-culturing of cellulolytic bacteria (C. phytofermentans) and 
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ethanologenic yeasts have been documented by workers (Zuroff et al., 2013). For this 

compatible bacterial and yeast species are co-cultured for simultaneous 

saccharification and fermentation (SSF) in a consolidated bioprocess. Cellulose 

conversion to bioethanol may be enhanced through SSF, as in this process enzymatic 

hydrolysis and fermentation of sugars are combined and due to their simultaneous 

consumption the soluble sugars do not reach to the levels that might inhibit the 

fermenting microbes (Lynd et al., 2002; Lynd et al., 2005; Brethauer and Wyman, 

2010). Higher temperature optima for cellulases (45-60
o
C) than the optimum 

temperature of biofuel fermenting yeast and many of the bacteria presents major 

disadvantage of SSF (Brethauer and Wyman, 2010; Bhalla et al., 2013; Kumagai et 

al., 2014).  This drawback can be overcome by employing thermotolerant / 

thermophilic ethanol fermenting microbes. Alternatively the sub-optimal temperature 

for cellulolytic activity may be affordable when overall economic feasibililty is 

permitting to follow SSF for a given substrate. It is worth mentioning that members of 

co-culture/ consortium could be screened for the inhibitors’ detoxification potential 

for enhancing yield of the product. The bugs with higher inhibitors detoxification 

potential might prove of higher value of obtaining higher ethanol yields from 

lignocellulosic substrates. It is tempting to speculate that while screening microbial 

agents as well as the substrates, the specific co-culture / consortium yielding higher 

ethanol yield for a given lignocellulosic substrate might have higher inhibitors’ 

detoxification capabilities. Bioprocess system(s) observed for efficient biofuel 

production can then be verified through laboratory testings for their inhibitory 

compounds detoxification potential.  

It is easier for less effluent country to practice microbiological based processes 

rather than employing purified enzyme based biotechnological processes. In this 
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regard consolidated bioprocessing utilizing a single substrate and product – tolerant 

microorganism(s) that accomplish hydrolysis as well as fermentation processes at the 

same time in one pot has been documented for increased hope for viable lignoethanol 

productions. An ideal microorganism should exert synergistic effects of cellulases and 

hemicellulases to degrade lignocelluloses efficiently. Intensive researches focusing 

different aspects of consolidated bioprocessing signal a bright future for commercial 

production of biofuels from lignocellulosic feedstocks (Jouzani and Taherzadeh, 

2015).  

The substrate (poplar) is well known for its rich cellulosic contents, which 

have been reported cellulose upto 43.2%, hemicelluloses 26.6%, lignin 1.3%, xylan, 

arbinan, acetate, other sugars 26.2%, other 6.1% and ash 1.5% (Esteghlalian et al., 

1997). The present study employed pulverized leaves and small twigs of poplar as 

lignocellulosic feedstock. The substrate’s acid and alkali pretreatments were 

optimized. Autoclaved substrate was used as major resource of nutrients for 

cultivation of a cellulolytic / ethanologenic bacterium. A yeast isolate capable of 

fermenting the bacterially saccharified substrate is also documented. The simplicity of 

the medium was considered to allow initial bacterial growth in the substrate but the 

microbial biomass might then be soon checked by depletion of certain essential 

micro-nutrients. Production by the cells and activities of already formed hydrolytic 

enzymes may continue to saccharify the cellulose and hemicellulosic complexes. This 

model lays the foundation for self controlled system of microbial growth and 

saccharification with optimum yields of sugars. Ethanologenesis of the sugar streams 

thus obtained was then managed by two routes. i.e., by interrupting O2 supply which 

shifted oxidative metabolism towards the ethanolgenesis. Alternatively the bacterially 

saccharified substrate was fermented by ethanologenic yeast. This very simple to 



9 
 

 

follow model appears important for conserving microbial biodiversity as well 

recognizing suitable lignocellulosic substrates.  

 Be it the chemical, enzymatic, microbial or any combination of these ways of 

saccharification of lignocellulosic substrate(s), the resultant monomeric sugars are 

accompanied with lignin derived compounds which exert inhibitory effects on the 

process of saccharification, ethanol fermentation and / or the microbial growth and 

their different metabolic pathways. Consequently the yields of lignoethanol and other 

microbial cells’ assited activities are decreased. This important bottleneck for 

lignoethanol production can possibly be overcome by either chemical detoxification 

of the lignocellulosic derived inhibitory compounds (LDIC) to the level satisfactory 

for enzymatic / microbial process of cellulose saccharification and ethanologenesis. 

Alternatively application of the inhibitory compounds’ resistant microorganisms 

otherwise capable of cellulose hydrolysis and / or its ethanol fermentation will lead to 

the development of a scaffold for designing all microbial based mechanisms for 

converting a given lignocellulosic substrate to ethanol in an environmentally safe and 

economically sustainable way.  

 Second generation bioethanol fermentation efforts have already targeted 

lignocellulosic matter; the most abundantly available renewable biomass resource. 

However, either the substrate is physico-chemically pretreated and/or is attacked 

directly by cellulases. In any case the processes of saccharification and subsequent 

ethanologenesis are interrupted for their efficiencies by the inhibitors compounds. 

Origin of the inhibitors molecules is the breakdown of lingo-cellulosic material. 

Application of cellulolytic / ethanologenic bacteria and ethanol fermenting yeasts 

resistant to or capable of concomitant detoxification (degradation) of the inhibitors 

molecules may improve the efficiency of the catalytic saccharification processes as 
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well as the ethanol fermentation for lignocellulosic substrates. It is well known, that 

ethanol fermentative yeasts are sensitive to the presence of LDIC. It was therefore 

hypothesized that employment of cellulolytic as well as inhibitory molecules’ 

resistant and/or detoxifying bacteria will ease the pressure of this (inhibitors 

molecules’ negative impacts on the processes of enzymatic /microbial saccharification 

and ethanologenesis) bottle neck of the roadway towards the sustainable development 

of lignocellulosic bioethanol processes.  

The present study was intended to pretreats and hydrolyze poplar leaves and 

twigs, a commonly available lignocellulosic substrate, for its ultimate fermentation to 

bioethanol. Results of this study report steam, dilute acid and alkali pretreatments of 

poplar parings and suitability of the treated substrates for enzymatic saccharification. 

The cellulolytic / ethanologenic bacterium Bacillus cereus and the yeast Candida 

tropicalis were then employed for consolidated bioprocess. The study paves simple 

protocols for identification of microorganisms and their co-culture and development 

all microbial based processes to design a consolidated bioprocess which can be 

applicable for the given substrate in an environment friendly way without extra 

expenditure of chemicals needed for removal/detoxification of the inhibitors 

molecules for sustainable production of 2nd generation bioethanol.  
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2. REVIEW OF LITERATURE 

 Environmentally benign and economically viable alternatives to fossil fuels 

are seriously being explored worldwide. Biofuels represent a major practicable sector 

in this regard. Biofuel is a general term and covers any inflammable / ignitable 

chemical produced by microorganisms. Familiar ones are the ethanol, methane, 

hydrogen (gas) and biodiesel. Of these bioethanol is the first biofuel that ever has 

been used to fuel automobiles in select locations. The other categories of the biofuels 

are at their infancy and basic research phase. Whereas ethanol has traditionally been 

obtained through fermentations of soluble sugars, which are also needed for human as 

well as animal nutritions. Thus the ever increasing demands of bioethanol as a biofuel 

will be very difficult to meet if it is produced from human and even animal food 

competing sources.  

 Owing to the above discussed constrain regarding the provision of bioethanol 

from food competing resources, second generation biofuels have gained much 

research interests. Second generation biofuels are obtained from the largest natural 

reservoir of plant biomass. Lignocellulosic wastes are very appealing substrates for 

the second generation bioethanol fermentations. However, the very stable 

lignocellulosic complex substrates containing hexoses and pentoses (sugars) need 

pretreatment and subsequent saccharification process. During these processes in 

addition to the sugar streams, which are fermentable to ethanol, a variety of other 

molecules from lignocellulosic constituents are also liberated. Some of them act as 

strong inhibitors to certain biochemical as well as microbial fermentative processes 

and thus influence the product yield negatively. Research on detoxification/removal 

of such inhibitors is in progress. Whilst search for the microbes of cellulolytic and / or 

ethanologenic potential resistant to the inhibitors molecules also appears promising. 
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Alternatively the inhibitors resistant/detoxifying microorganisms are required to be 

screened and preserved to conserve the genetic biodiversity. And the desired genes for 

the inhibitors’ detoxification can then be cloned in best cellulase and / or ethanol 

yielding microorganisms. The present review has been accomplished according to the 

following subheadings.  

1. Potential of lignocellulosic wastes as substrate for bioethanol fermentation.  

2. Importance of poplar as feedstock.   

3. Lignocellulosic pretreatment and hydrolysis derived inhibitory compounds 

(LDIC).  

4. Detoxification of LDIC 

5. Importance of LDIC resistant / detoxifying microorganisms. 

6. Sustainability of lignoethanol fermentations.  

2.1 Potential of lignocellulosic wastes as substrate for bioethanol 

fermentations 

 For the biospheric system to run, sole and continuous source of energy input is 

solar energy. Biggest and first converters of the solar energy into chemical form of 

energy are indeed land plants and aquatic phytoplanktons. Bioethanol is now favoured 

as blend or fossil petrol substitute to promote sustainability and independency from 

fossil fuel (Aditiya et al., 2016). It has been established that the most abundantly 

available as well as renewable resource on earth is lignocellulosic biomass and thus 

has an enormous capacity to produce bioethanol at large scale. Aditiya et al. (2016) 

have concluded that since agri and forest wastes have practically negative/zero value, 

their utilization for the production of second generation bioethanol would prove 

beneficial. Therefore utilization of such wastes decreases the feedstock cost and 
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reduces the total production cost. However, depolymerization of cellulose and 

hemicelluloses to their respective monomeric sugars is tough task. And the second 

generation biofuels are obtained from lignocellulosic feedstocks through 

saccharification and subsequent microbial fermentation (Saini et al, 2015). 

Lignocellulose make upto 50% of the world’s total biomass and its 10-50 billion tons 

are estimated to be produced per annum (Claassen et al., 1999; Klinke et al., 2004). 

Lignocellulose resource has been well documented for biofuels and various other 

chemicals production (Ragauskas et al., 2006; Lynd et al., 2008; Sims et al., 2010). 

Potential of bioethanol has well been recognized for sustainable alternative fuel 

(Himmel et al., 2007). An integrated biorefinery will use lignocellulosic biomass to 

produce biofuels and a wide range of material precursors (Sánchez and Cardona, 

2008; Achinivu et al., 2014). Biorefineries addressing cellulosic biomass conversion 

to much needed commodities will attain increasingly important role in future as 

alternatives or at least supplementing the oil refineries of today. Through the 

development of biofuels production units, pressure on the dwindling supplies of 

petroleum will decrease with concomitant energy security and good impacts on the 

environment.  

 Liquid biofuels include butanol, biodiesel and ethanol. The latter is most 

important biofuel of choice today. Ethanol has mainly been fermented from 

monomeric sugars or starch-rich raw materials. However, for large-scale usage 

bioalcohols have to shift from food competing substrates to lignocellulosic feedstocks 

(Ragauskas et al., 2006; Wyman, 2007; Lynd et al., 2008; Matzger et al., 2009; Sims 

et al., 2010; Jouzani and Taherzadeh, 2015). In fact lignocellulosic biomass is the 

most abundant carbon-based source of energy on earth. Success of next generation 

bio-refineries depends mainly on volarization of cellulose, hemicelluloses and lignin 
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components of lignocellulosic feedstock (Sing et al., 2017). Of the lignocellulosic 

feedstocks the unbranched homopolysaccharide, cellulose, consisting of D-

glucopyranosyl units is the main focus. Whereas the branched hemicelluloses 

heteropolysaccharides consist of both hexose and pentose residues, which may carry 

acetyl groups also. While the problematic lignin, contains phenylpropane units joined 

together by different sorts of interknit linkages mainly represented by ether bonds. For 

effective digestion and better yields of sugars from lignocellulosic feedstocks, the 

lignin content must first be dissociated from the carbohydrates (Zeng et al., 2014). 

Lignocellulose polysaccharides are first hydrolyzed to provide monosaccharides for 

fermentation processes (Sjöstrom and Alen, 1999; Rowell, 2012). In this way 

lignocellulosic resource can contribute towards future energy supply without 

competing the existing arable land reserved for the production of foods (Matzger et 

al., 2009). The lignocellulosic biomass is, in general, a very stable complex of few 

categories of biopolymers. Structural and chemical composition of lignocellulosic 

biomass can be visualized from Fig. 1. Of different lignocellulosic constituents, 

fermentation of monomeric molecules of cellulose and hemicelluloses are promising 

for the provision of a variety of feedstocks including bioethanol. However, the 

cellulose and hemicelluloses bio-polymers need to be hydrolysed first into their 

constituent monomers i-e., glucose and pentose, respectively before they can be 

fermented to ethanol. A general scheme for processing lignocellulosic feedstocks is 

depicted as Fig. 2.  

 Wood crops such as blacklocust, poplars, eucalyptus willows, or chestnut, due 

to their fast growing nature, have traditionally been focused for the production of 

wood material fibers for cellulose industries, local fuel wood and/or more recently, 

energy (Tome and Verwijst, 1996; Hamelinck et al., 2005). Woody biomass, 
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agricultural residues and perennial grasses have been proven as feedstocks of choice 

as they are not food competing (Scharlemann and Laurance, 2008; Ho et al., 2014).  

For a wood associated lignocellulosic waste substrate its uninterrupted supply 

is pivotal for a bioethanol production process development. The plant poplar’s leaves 

and twigs represent a huge amount of biowaste in many countries and this tree 

accordingly has been considered for bioethanol process development.  

 

Fig. 1: Diagrammatic illustration of lignocellulosic structural and chemical 

composition of biomass (Menon and Rao 2012). 
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Fig. 2:  A general scheme of bioethanol production from lignocellulosic 

biomass 
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2.2  Importance of poplar wood/waste as feedstock  

Fast growing wood crops such as willows, poplars, blacklocust, eucalyptus 

and chestnut have traditionally been considered to produce local fuelwood, wood 

material, fibres for cellulose industries and/or more recently, energy. Residual 

materials from diverse wood biomass can be converted into sugars and ethanol 

(Tome´ and Verwijst, 1996; Hamelinck et al., 2005; Liguoris et al., 2016). The above 

mentioned crops and their residues are appealing feedstocks owing to their low input 

costs, high yields and being cultivatable on lower-quality lands. Lignocellulosic raw 

materials comprising up to 75% of carbohydrates and irrespective to the challenges of 

lignocellulosic hydrolysis / fermentation and the associated bottlenecks they represent 

the workable feedstocks of coming bioprocesses. The first step of any successful 

bioprocess development is continuous supply of raw material / feedstock. Regarding 

this issue the poplar; a ubiquitous fast growing cellulose rich tree which is cultivated 

extensively and its industrial use bring reasonable quantities of the waste 

lignocellulosic matter. It is to be noted that leaves and twigs of this tree represent a 

continuous source of no/negative cost feedstock.  

As exotic species the poplar tree was introduced during late fifties in this 

country (Sheikh, 1986). Due to its fast rate of growth multifarious uses and market 

potential it has received much popularity as commercial timber tree. With short 

rotation the fast growing poplar is widely used for making paper pulp, cheap 

plywoods, and pallets and also as energy crop (Christersson, 2008). Industrial need of 

the poplar tree wood is mainly met from farm grown poplar trees and only upto 0.029 

million m
3
 is obtained from state owned irrigated plantations from the province 

Punjab (Laeeq, 1999). Due to its colour, uniform grained, low density and resistance 

to fragmentation poplar wood is used to make packing cases, plywood, matches and 
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paper. The wood is also used in several other products including sports, furniture, 

shuttering material and desert coolers (Siddiqui et al., 1986; Sheikh, 1993). The tree is 

deciduous and remains leafless during winter months. Poplar trees are cultivated even 

in agricultural fields harbouring edible crops like wheat, turmeric, sugarcane, 

potatoes, vegetables, tomatoes, berseem, maize and fodder. Due to fast growth rate, 

attractive marketing, and multifarious uses poplar tree species has become very 

popular (Sharma, 1996). Poplar trees are grown in linear as well as in block fashion. 

In latter category intercropping is managed for initial 2-3 years.  

Gonzalez-Garcia et al. (2010) documented that poplar is among the ideal 

energy crops in Europe. In Spain up to 135,720 ha were cultivated in 2008 (Directive 

2009). Gwak et al. (2009) reported that yellow poplar acclimates well to barren soil or 

highlands. Another important social and economic benefit of poplar feedstock for 

ethanol production is that it does not compete with feed crops such as cereals (Kims 

and Dale, 2005). Poplar has been considered an appealing candidate for cellulosic 

ethanol production being richer in cellulose and hemicelluloses; the main sources of 

monomeric sugars (Esteghalalian et al., 1997; McMillan et al., 1999; Frederick et al., 

2008). It must be realized at this stage that due to the constrains of the present 

technology to saccharify the biomass efficiently in terms of energy use and cost, the 

lignocellulosic biomass is a difficult feedstock (Tampier et al., 2004). However, a 

great number of efforts mentioning varying levels of successful pretreatment, and 

hydrolysis of poplar wood and its residues have been documented. Cantarella et al. 

(2004) confirmed steam-explosion of poplar wood as an effective method for 

improving the enzymatic saccharification of the cellulose constituent of the biomass. 

Whereas, Kundu et al. (2015) have described improved ethanol production from 

yellow poplar following deacylation and oxalic acid pretreatment. Recently Singh et 
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al. (2017) have reported delignification of steam - pretreated poplar by a small laccase 

of bacterial origin that increased glucose production around 8% from the steam-

pretreated poplar while acting synergistically with a commercial cellulase cocktail. 

Further, like many other biotechnological processes economy of the cellulosic ethanol 

production is highly dependent on the cost of feedstock, which can account for 35 to 

50% of the processes converting it into ethanol with satisfactory yield and 

productivity. 

For developing ecofriendly bioprocess addressing the conversion of suitable 

lignocellulosic matter into bioethanol, needs of consolidated and / or simultaneous 

saccharification and fermentation (SSF) processes cannot be overemphasized. This 

necessitates the search of suitable microorganisms capable of SSF or driving 

efficiently different steps of the bioconversion processes.  

2.3 Lignocellulosic pretreatment and hydrolysis derived inhibitory 

compounds (LDIC)  

 While exploiting natural resources, which evolved for their self oriented 

targets, humans confront with unforeseen hurdles. Which need further research efforts 

to clear the bottleneck(s). Utilization of lignocellulosic matter, the largest renewable 

resource, for obtaining biofuels through fermentations has emerged with limitations 

posed by certain inhibitory compounds which are liberated following pretreatment 

and hydrolysis of different polymers of the substrate. The inhibitory molecules affect 

negatively certain enzymes’ efficiencies such as cellulases as well as they prove 

harmful to the cellulolytic and ethanologenic microorganisms. 

 Inasmuch as the recognition of lignocelluloses as a largest renewable 

feedstock is concerned, the matter cannot be overemphasized. However, the feedstock 
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is a compacted complex of several biopolymers and to make it’s cellulosic and 

hemecellulosic ingredients available for saccharification, some form of pretreatment 

is the essential step. Of the various pretreatment methods steam pretreatment with or 

without acid catalysts has been reported as one of the most promising techniques for a 

large variety of lignocellulosic materials (Alvira et al., 2010). Chen and Fu (2016) 

while describing making of lignocellulosic bioethanol economically attractive have 

advocated for selective-fractionation technology using steam explosion pretreatment 

as the core technology.  Whereas some workers have documented that prehydrolysis 

of lignocelluloses with mild acid solubilizes most of the hemicelluloses and the 

cellulosic into swollen and decrystalized nature to the degree which render it 

accessible to subsequent hydrolysis with enzymes or strong acids (Bevnhardt and 

Proudfoot, 1990; Torget et al., 1990). Loow et al. (2016) have described that chemical 

pretreatment is preferred method to obtain high sugar yields at low cost. And that 

dilute acid favours hydrolysis of hemicelluloses whereas alkaline hydrolysis targets 

the lignin fraction. Cellulose hydrolyses can be catalyzed by the application of either 

strong inorganic acids or cellulases. The latter process represents a promising 

approach for the future eco-friendly developments (Whyman, 2007; Viikari et al., 

2007; Arantes and Saddler, 2010). Lignocellulosic biomass may be pretreated in a 

thermochemical process at low pH which enhances the process of enzymatic 

hydrolysis of cellulose (Wyman, 2007; Galbe and Zacchi, 2007; Arantes and Saddler, 

2011). However, degradative outcomes of lignin and sugar produced during the 

pretreatments restrict fermentation potential of Saccharomyces cerevisiae (Almeida et 

al., 2007). The inhibitory molecules are derived from the breakdown of hemicellulose 

and water soluble degradation products of lignin liberated during pretreatment and 

inhibit subsequent fermentation and cellulose degrading enzyme (Clark and Mackie, 
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1984; Li et al., 2009; Liu et al., 2009; Cavka and Jönsson, 2013). Of the major 

categories of the inhibitory compounds generated during different pretreatments and 

hydrolysis procedures used for lignocellulosic feedstocks, the furan compounds; 5-

hydroxymethyl-2-furaldehyde (HMF) and 2-furaldehyde are derivatives of hexoses 

and pentoses’ dehydration respectively. Acetic acid is the most commonly 

encountered weak acid in lignocellulosic hydrolysates. The acid is generated from de-

acetylation of hemicelluloses. Whereas formic and levulinic acids are results of 

breakdown of HMF. Diverse breakdown of lignin and carbohydrate results into the 

generation of phenolic compounds during pretreatment (Palmqvist and Hahn-

Hagerdal, 2000a; Klinke et al. 2004; Almeida et al., 2007; Castro et al., 2014). 

Following is a brief review of major types of the inhibitory molecules.  

Phenolic compounds  

Inhibitory effects of aromatic compounds including phenolics on microbial 

growth and product yield are very variable but attributable to specific functional 

groups (Ando et al., 1986; Larsson et al., 2000). Phenolics interfere with its 

physiology by changing protein-to-lipid ratio of cell membrane (Keweloh et al., 

1990).  

Phenolic compounds formed during pre-treatment and hydrolysis of 

lignocellulosic biomass are insoluble to partially soluble in the hydrolysates and are 

represented by different acids, alcohols  and aldehydes including syringic aldehyde, 4-

hydroxylbenzaldehyde and vanillin (Adler, 1977; Zimmermann, 1990). The above 

mentioned molecules disturb lipid/protein ratio and alter permeability of biological 

membranes resulting into elevated cell fluidity. Ultimately due to disruption of plasma 

membrane, it fails to function as selective barriers. Leakage of RNAs, ATP, proteins 
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and ions, from the cytoplasm causes diminished levels of ATP, reduction in proton 

motive force and impaired nutrient transport (Heipieper et al., 1994). 

Furan derivatives  

Pentose and hexose sugars’ dehydration products, the HMF and 2-furaldehyde 

are generated during acid pre-treatment and hydrolysis of lignocellulosic mass 

(Almeida et al., 2009). They inhibit glycolytic and fermentative enzymes (such as 

alcohol, acetaldehyde and pyruvate dehydrogenases), respectively, which are essential 

to central metabolic pathways (Moding et al., 2002), degrade DNA into single strands 

and protein-protein cross linking (Hadi et al., 1989; Uddin and Haddi, 1995). Due to 

hydrophobic potential furfural and HMF compromise membrane integrity and results 

into extensive leakage/disruption of the membrane. (Zaldivar et al., 1999). Furfural, 

representing typical inhibitors found in hemicelluloses hydrolyzate is harmful to cell 

growth and biofuel production in microorganisms (Wang et al., 2017).  

Derivatives of furan together with aromatic and phenolic compounds and the 

acids exert synergistic effects (Zaldiver et al., 1999; Mussatto and Roberto, 2004). 

Organic acids 

Formic acid is more toxic than levulinic acid, being smaller in size and 

undissociated. Formic acid has been demonstrated to inhibit formation of 

macromolecules, including DNA polymerization and its repair (Sinha, 1986; 

Cherrington et al., 1990). Toxic effects of the acids on the cells of S. cerevisiae are 

ascribed to the increased levels of undissociated organic acids. Yeast growth 

inhibition becomes visible at concentrations exceeding 100 mM of acetic, levulinic 

and formic acids. Whereas, concentrations lower than 100 mM allow better ethanol 

yields compared to fermentations managed in the absence of aliphatic acids (Larsson 
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et al., 1999). Furfural, 5-hydroxymethyl furfural, phenolic compounds and acetic acid 

inhibit the process of fermentation (Wang et al., 2017).  

2.4  Detoxification of LDIC 

 Irrespective to the mode of depolymerization i-e., physicho-chemical, 

chemical enzymatic or even microbial, the lignocellulosic substrates are degranulated 

into monomeric sugars (the needed molecules) and the toxic / inhibitory molecules. 

Removal and/or detoxification of the latter compounds which interfere with the 

subsequent processes of fermentation as well as further saccharification of the 

residual lignocellulosic mass is mendatory for the 2nd generation biofuels refineries.  

 Many efforts have been described for eliminating inhibition of LDIC 

exemplifying the S. cerevisiae. Excessive yeast inocula and adjustment of pH and 

overliming (Palmqvist and Hahn-Hagerdal, 2000a) use of resin (Nilvebrant et al., 

2001), laccase addition (Jonsson et al., 1998; Jurado et al., 2009), cells adaption 

(Huang et al., 2009) and overexpression of homologous / heterologous genes of S. 

cerevisiae which encode for enzymes rendering resistance against select inhibitors 

(Petersson et al., 2006; Almeida et al., 2007), have been documented as different 

strategic ways to overcome the problem. Diversity of these strategies suffices to 

explain importance of the problem.  

 Being an extra step, detoxification process should not lead to expensive 

productions (Hamelinck et al., 2005; Jonsson et al., 2013). Whereas it has been 

reported that different types of detoxifications of strongly inhibitory hydrolysates 

dramatically improved their fermentability (Alriksson et al., 2006, 2011). Several 

workers have reported different detoxification approaches with promising results in 

terms of higher yields of bioalcohols. For example, Cavka et al. (2011) explained that 
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application of sulfite and dithionite, resulted in detoxification through sulfonation of 

fermentation inhibitors converting them to strong hydrophilic charged molecules. 

Later on Cavka and Jönsson (2013) concluded that tannic acid and oligomeric 

phenolics (OPC) are good models for soluble, lignin-derivable OPC. Availability of 

such enzymes capable to address tannins, including condensed tannins which are 

bonded by C-C rather than C-O esters consequently being more resilient to the 

enzymatic breakdown is advocated. Gyalai-Korpos et al. (2010) applied vaccum 

evaporation as well as calcium hydroxide overliming to detoxify steam pretreated rice 

straw hydrolysate and reported highest activity of filter paper as 1.87 ±0.05 FPU/ml 

and Beta-glucosidase upto 1.74 ±0.03 IU/ml following 11 days of incubation with 

Trichoderma reesei RUT C30. Likewise, Alriksson et al. (2011) reported a novel in 

situ chemical detoxification way and documented that treatment of lignocellulose 

hydrolysates with reducing agents improved the fermentability. Addition of dithionite 

and sulfite (in the concentration range of 5.0 to 17.5 mM) to enzymatic hydrolysates 

of spruce wood of sugarcane bagasse improved both categories of the processes i-e. 

simultaneous hydrolysis and fermentation (SHF) and simultaneous saccharification 

and fermentation (SSF). Dithionite treatments enhanced the bioethanol productivities 

from the spruce hydrolysate following SHF from 0.2 to 2.5 g  L
−1

  h
−1

 and for bagasse 

hydrolysate from 0.9 to 3.9 g  L
−1

  h
−1

.
 

Chandel et al. (2007a). discussed that 

detoxification of inhibitors in lignocellulosic hydrolysate can be viewed as medicine. 

An optimal design of fermentation process with desired levels of bioconversion as 

well as microorganisms’ adaptive response to the toxic compounds could be 

established. Of the different detoxification strategies, biological methods to remove 

the inhibitors from the hydrolyzates to be fermented appear most promising. A 

comparable concept addressing SDF (simultaneous detoxification and fermentation) 
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for improving ethanol production from lignocellulose hydrolysates employing suitable 

ethanologen has been reported by using biocatalyst. The inhibitor-free enzyme source 

can then be applied for cellulose hydrolysis. Another approach is to use 

phenoloxidase, laccase and/or lignin peroxidase enzymes. Treatment of 

lignocellulosic mass (LCM) hydrolysates with above mentioned enzymes has been 

reported to degradate phenolic compounds accompanied with higher ethanol yield but 

with a negligible loss of sugars (Jonsson et al., 1998; Chandel et al., 2007a). Loow et 

al. (2016) concluded that insufficient knowledge about lignocellulosic structure and 

lack of data on pretreatment effects are major limiting factors to prevent 

commercialization of cellulosic ethanol. These authors have described following 

drawbacks of chemical pretreatment: 1) need of size reduction of feedstock 2) 

inhibitors’ generation 3) corrosiveness of chemicals 4) high consumption of reagents 

5) increased cost and 6) environmental and safety issues. They further described that 

biorefineries would be economically more viable if co-products of higher value such 

as furfural, HMF, and phenolic compounds are also recovered. The latter suggestion 

necessitates the recovery of inhibitors molecules as valued co-products instead of 

their degradation/detoxification. This facet of lignocellulosic biorefineries necessitate 

the employment of such microorganism which can saccharify / ferment a 

lignocellulosic feed stock whilst in the presence of HMF, furfural, phenolic and other 

molecules considered inhibitory to many microorganisms and certain catalysts. It is 

pertinent here to refers the notion made by Chandel et al. (2007b) that application of 

such novel microbial strains capable to detoxify the hydrolysates but not affecting the 

sugar and other nutrient fractions negatively is yet to come. In this regard search / 

development of cellulolytic and/or ethanologenic microorganisms capable of 

detoxifying or resisting lignocellulosic derived inhibitors molecules in the 
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hydrolyzates appear very promising for designing sustainable and environmental 

friendly biorefineries.  

2.5  Importance of LDIC resistant/detoxifying microorganisms  

For eco-friendly and with improved process economy detoxification of LDIC, 

microorganisms capable of producing laccase or peroxidase can be cultivated in 

lignocellulose hydrolysate to detoxify the inhibitor’s by transforming chemical nature 

of their molecules (Palmqvist et al., 1997; López et al., 2004). A fungal isolate, 

Coniochaeta ligniaria (NRRL30616) has been documented to metabolize HMF, 

furfural, aliphatic and aromatic acids and aldehydes present in corn stover hydrolysate 

(Nichols et al., 2008). Okuda et al. (2008) while investigating biological method of 

detoxification of a waste house wood hydrolysate by thermophilic bacterium, 

Ureibacillus thermosphaercus documented degradation of furfural and HMF in the 

synthetic hydrolysates, and the phenolic compounds present in the house wood waste 

hydrolysates. The rapidly growing bacterium consumed less than 5% of the 

fermentable sugars.  

Importance of inhibitor tolerance or detoxifying cellulolytic and/or 

ethanologenic bacteria cannot be overemphasized. It has been well elaborated that an 

efficient ethanologen must be capable of utilizing variety of sugars and be able to 

survive, grow and replicate under the stressfull conditions which may ensu during the 

LCM bioconversion such as emergence of inhibitors during the LCM pre-treatment 

phases (Bothast et al., 1999; Zaldivar et al., 2001; Howard et al., 2003). These factors 

be considered an integral component during screening and selection of efficient 

ethanologenic microorganisms. Maintenance of pH homeostasis and cell membrane 

integrity and inhibitors’ degradation ability of cellulolytic / ethanologenic 
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microorganisms are of paramount importance to be focused. (Ibraheem and Ndimba, 

2013). 

In short, presently practiced chemical or physical strategies for LDIC 

reduction or elimination are expensive and not entirely effective. It has been realized 

that the inhibitors, detoxification process will increase the cost (Palmqvist et al., 

2000a). Obviously cost of lignoethanol production would be decreased if fermenting 

organisms are improved for their inhibitors’ tolerance abilities (Geddes et al., 2011; 

Gupta and Verma, 2015).  Therefore it has become imperative to enhance the 

resistance of ethanologenics. This can be accomplished by screening inhibitors’ 

tolerant through microorganisms or improvement by genetic engineering (Ibraheem 

and Ndimba, 2013). 

Long-time course adaptation can be accomplished by growing ethanologenic 

bacteria in specific media containing high concentrations of LDIC with low sugar 

source, inducing them to adapt and develop in the new environment. This approach 

may lead to selection / adaptation of inhibitor-tolerant bacteria capable of 

transforming the LDIC inhibitory compounds present in the hydrolysates into less 

toxic compounds (Takahashi et al., 1999; Gonzalez et al., 2003).  Alternatively 

natural soil/mud habitats which had experienced microbial cellulolytic phase but still 

characterized with lignin derived compounds’ accumulation may be sampled for 

screening cellulolytic and/or ethanologenic microorganisms capable of 

withstanding/degrading the lignin derived inhibitory compounds. Lopez et al. (2004) 

have described that several species of bacteria could breakdown the inhibitory 

molecules when they are provided as sole carbon and energy sources (Lopez et al., 

2004). This information suggests that ethanologenic bacteria can be improved for 

their tolerance to LCM inhibitory compounds and fermentation efficiencies. 
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 Alriksson et al. (2010) reported that overexpression of the S. cerevisiae genes 

ATR1, FLR1 and YAP1 contributed to enhanced resistance to LDIC. Microbiological 

solution of LDIC can take two routes. The microorganism that can hydrolyze 

cellulosic mass of a given substrate as well as its associated inhibitors’ compounds 

into non-inhibitory metabolites. Alternatively, the select bacteria which may 

hydrolyze cellulose and hemicelluloses into respective monomeric sugars but liberate 

no or lesser amounts of the inhibitors or be resistant to them might be recruited for 

saccharifying a given substrate. These hypotheses necessitate to assess 

microbiologically saccharified lignocellulosic hydrolyzates for the presence and levels 

of inhibitory molecules chemically. While to assess actual biological impacts of the 

inhibitors will require fermentation of the hydrolyzates and assessment of the 

subsequent ethanol yields. The above discussed approaches may isolate and identify 

promising microorganisms and lignocellulosic substrates for a given location for 

establishing economically and ecofriendly bioethanol refineries without much 

sophisticated technologies. Obviously there will be much room for further 

improvements but the incipient layout may incite the relevant industrialists for 

investment. The use of hyperresistant yeast strains can contribute to more efficient 

production of ethanol from inhibitory molecules laiden lignocellulose hydrolysates. 

2.6 Sustainability of lignoethanol and development of consolidated 

bioprocess  

Sustainability of a bioprocess depends on un-interrupted supply of raw 

materials, process economics and demand of the produce. Regarding the availability, 

lignocellulosic agri-wastes are generated in huge amounts in Pakistan. Less developed 

post harvesting storage facilities further add to the waste biomass resource in the form 
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of millions of tons of vegetables and fruit wastes. Lignocellulosic wastes can be 

collected easily and inexpensively in the form of agricultural residues from crops, 

peels of different fruits and vegetables, certain industrial and municipal effluents, 

forest wastes and fast-growing grasses and trees (Wyman, 1996; Classen et al., 1999 

Chang and Yao, 2011). It is note worthy that crystalline cellulose is more resistant to 

hydrolysis than its amorphous portion. Woody biomass is generally more resistant to 

degradation than other types of lignocelluloses. Softwood is typically more difficult to 

hydrolyze than hardwood or agricultural residues (Mabee et al., 2006; Arantes and 

Saddler, 2011). Bioethanol production from wastes is advantageous as majority of 

lignowastes are still considered waste products in many parts of the world and are 

often disposed of by burning (Levine, 1996). Ethanol from wood has been 

investigated since the beginning of 19th century. However, yields of sugars from 

wood for ethanol production was considered only at start of the 20th century. Some of 

the earliest processes using dilute sulfuric acid produced 72 L ethanol (100%) per ton 

of dry matter i-e., 24% of the theoretical yield (Brownlie, 1940). Through the use of 

percolation-type reactors employing Scholler processes, yield of ethanol was 

increased from 55 to 64% (Krumbein, 1938; Harris et al., 1945; Jones and Semrau, 

1984). 

  Conclusively second generation boifuels productions are in their infancy and 

there is much room for development towards attaining economically viable routes. All 

microbial based processes must be developed for the bioconversion of the largest 

renewable resource (lignocellulosic) into low volume/ mass but high energy 

containing fuels essentially in an environmentally and economically sound scenario. 

Jouzani and Taherzadeh (2015) have reviewed that recent advances in production of 

biofuel from lignocellulosic biomass including consolidated bioprocessing (CBP) 



30 
 

 

have increased hope for a viable solution to the energy. A CBP would utilize a single 

substrate and product-tolerant microorganism(s) that perform hydrolysis and 

fermentation process concomitantly in one reactor.  

If all the mechanisms of consolidated or different steps of multiphasic 

bioprocesses are governed by microbially inoculated routes, the processes developed 

will have promising yields defined by environmental conditions. The above discussed 

literature clearly demonstrates the importance of the inhibitors resistant cellulolytic 

and / or ethanologenic microorganisms. Search of such microorganisms from local 

environments is promising for designing lignocellulosic ethanol fermentation units 

with improved process economics in this country.  
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3. MATERIALS AND METHODS 

This study aimed at bioethanol fermentation of Poplar leaves and twigs 

following their different pretreatments and saccharifications processes to identify a 

sustainable and environmentally stable route. An overview of the work plane is 

depicted as Fig. 3. Details of the different steps are given below.  

3.1  Collection and processing of Biomass  

Fresh Poplar (Populus euramericana) leaves and twigs were collected from 

local trees of Quaid-e-Azam Campus, University of the Punjab, Lahore Pakistan. 

Leaves and twigs were washed thoroughly with tap water to remove dust particles and 

then sun dried to evaporate the washing water. Thereafter the biomass was oven dried 

at 70
o
C up till constant weight. The dried leaves and twigs were finally ground in to 

powder (approximately 2 mm) in a grinding mill and then passed through a 1mm 

sieve to save the fine pulverized biomass which was subsequently stored in air-

tightened plastic boxes at room temperature for further use. 

3.2  Pretreatment of the biomass 

The pulverized leaves and twigs were mixed in 1:1 ratio in desired weight just 

before the start of an experiment. Thus prepared biomass was pre-treated with H2SO4 

and NaOH. The intact substrate was employed for bacterial cellulase production. 

Crude bacterial cellulase was optimized for the saccharification of pre-treated as well 

as un-treated biomass. The best saccharified hydrolyzate of the biomass was then 

fermented with the inocula of the bacterium and yeast. An overview of the whole 

process alongwith main steps of downstream process is given in Fig. 3.  

  



32 
 

 

 

 

  

Fig 3:  Flow sheet of the work plane.  
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Following is the detail description of the pre-treatment procedures. 

Pretreatment of the poplar biomass was carried out following Irfan et al. (2016). Four 

treatments (acid, acid/steam, base and base/steam) were used for pretreatment of 

poplar substrate. Box-Behnken design was selected to optimize the response of tested 

variables. For each type of pretreatment thirteen experimental runs were performed 

comprising of total 52 experimental runs. 

3.2.1  Acid pretreatment  

Three parameters (substrate quantity, retention time and acid concentration) 

were considered for acid pretreatment of the substrate (Table 2). A three variable 

Box-Behnken design of response surface methodology was used to study the 

combined effect of sulphuric acid concentration, substrate quantity and residence time 

on the yields of total sugar, reducing sugar and total phenolic compounds over three 

levels. The coded and actual values of Box-Behnken design are shown in table 2. The 

Box-Behnken design is appropriate for examination of quadratic response surfaces 

and creates a second degree polynomial model, which in turn is used in improving a 

process using a little number of experimental runs. Relationship between the coded 

values and actual values is described by the equation 1.  

i

i
i

X

XX
x




    Eq. (1)    

Where xi and Xi are the coded and actual values of the independent variables 

respectively. Xo is the actual value of the independent variable at the center point and 

ΔXi is the change of Xi. The response was calculated from the following equation (Eq. 

2) using Minitab software (17
th

 version). 
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   Eq. (2)   

Where Y is the response, X1, X2 and X3 are the independent variables, ß0 is the 
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intercept, ß1,ß2,ß3 are linear coefficients, ß1
1
,ß2

2
, ß3

3
are square coefficients and ß12, ß13, 

ß23are interaction coefficients.  

Table 2: Coded and uncoded levels of the tested variables through Box-Behnken 

design for acid pre-treatment 

Tested variables Symbols Coded and uncoded levels 

-1 0 +1 

Sulphuric acid conc. 

(%) 

A 0.6 0.8 1.0 

Biomass conc. (%) B 5 10 15 

Retention time (h) C 4 6 8 

 

The poplar substrate was soaked in 100 ml of sulphuric acid for specific time 

periods in Erlenmeyer flasks according to the experimental design mentioned in Table 

3. At the end of residence time, pretreated biomass was filtered through a muslin 

cloth. The filtrate was once again filtered through Whatman filter paper and the clear 

filtrates were saved in universal vials for estimation of reducing sugars, total sugars 

and total phenolic contents. The solid residues were washed using tap water 3-4 times 

followed by 2-3 washings with distilled water to neutralize. The dried oven dried (at 

70
o
C overnight) residues were saved in air-tightened plastic bags for FTIR analysis 

and for determination of solubility index. 
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Table 3:  Box- Behnken design (BBD) matrix for acid pretreatment of 

poplar substrate 

Run # Sulphuric acid 

conc. (%) 

(A)  

Substrate quantity 

(%) 

(B) 

Retention time  

(h)  

(C) 

1 0.8 10 6 

2 1 10 8 

3 1 15 6 

4 1 10 4 

5 1 5 6 

6 0.6 15 6 

7 0.8 5 4 

8 0.6 10 8 

9 0.8 15 8 

10 0.6 10 4 

11 0.6 5 6 

12 0.8 5 8 

13 0.8 15 4 

3.2.2  Acid steam pretreatment  

In this pretreatment, after soaking the specific amount of substrate in specific 

concentration of H2SO4 for specific time according to experimental design described 

in Table 3, the sample was steamed at 121°C under 15 Psi pressure for 20 minutes. 

After the pretreatment, sample was filtered and the filterate was analyzed for total 

phenol and total sugar contents. Solid residues were washed twice with distilled 
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water. The neutralized residue was then oven dried at 70 °C and saved for solubility 

index determination and FTIR analysis. 

3.2.3  Base pretreatment  

Three parameters (substrate quantity, retention time and alkali concentration) 

were considered for base pretreatment of the substrate (Table 4). Three variable Box-

Behnken design of response surface methodology was employed to see the 

cumulative effect of NaOH concentration, substrate quantiy and residence time on 

total sugars, reducing sugars and total phenolic compounds over three levels. Coded 

and actual values of Box-Behnken design are shown in table 4. The Box-Behnken 

design is appropriate for examination of quadratic response surfaces and creates a 

second degree polynomial model, which in turn is used in improving a process using a 

little number of experimental runs. The relation between the coded values and actual 

values was described by the equation 1, whereas the response was calculated from the 

question 2 as described earlier.  
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Table 4:  Coded and uncoded levels of the tested variables through Box-

Behnken design for base treatment. 

Tested variables Symbols Coded and uncoded levels 

-1 0 +1 

Sodium hydroxide conc. 

% 

A 0.6 0.8 1.0 

Biomass conc. (%) B 5 10 15 

Retention time (h) C 4 6 8 

 

The poplar substrate was soaked in 100 ml of sodium hydroxide for specific 

time periods in Erlenmeyer flasks according to the experimental design mentioned in 

Table 5. At the end of residence time, pretreated samples were filtered through a 

muslin cloth. The filterates and the solid residue were processed as mentioned before 

for the determination of sugars and phenol and FTIR analysis and determination of 

solubility index. 

3.2.4  Base steam pretreatment  

In this pretreatment, after soaking the specific amount of substrate in specific 

concentration of sodium hydroxide for specific time according to experimental design 

described in Table 5, the sample was steamed at 121°C under 15 Psi pressure for 20 

minutes. After the pretreatment, samples were processed as mentioned before for the 

measurement of sugars, phenol and solubility index and FTIR analysis.  
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Table 5:  Box- Behnken design (BBD) matrix for base pretreatment of 

poplar substrate 

Run # Sodium hydroxide 

conc. (%) 

(A)  

Substrate 

quantity (%) 

(B) 

Retention time  

(h)  

(C) 

1 0.8 10 6 

2 1 10 8 

3 1 15 6 

4 1 10 4 

5 1 5 6 

6 0.6 15 6 

7 0.8 5 4 

8 0.6 10 8 

9 0.8 15 8 

10 0.6 10 4 

11 0.6 5 6 

12 0.8 5 8 

13 0.8 15 4 
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3.3  Analyses of pretreated and untreated bacterially (cellulase) 

attacked and cellulase saccharified biomass filtrates 

Preparations of different solutions and reagents used in this study are given in 

Appendix-I. 

3.3.1 Estimation of total sugar content 

Total sugar content in the filtrate was estimated by phenol sulphuric acid 

method according to Dubois et al. (1956). Dilutions of sample were made using 

distilled H2O. Reaction mixture containing 1 ml each of filtrate and freshly prepared 

5% phenol was taken in test tube and mixed thoroughly. After that 5 ml of conc. 

H2SO4 was added gently that changed the color of mixtures to dark brown. The tubes 

were allowed to stand for 30 min at room temperature and then absorbance was taken 

at 490nm. Glucose was taken as standard, and its 20, 40, 60, 80 and 100µg/ml 

solutions were prepared for the determination of reducing sugar (glucose). A graph 

was plotted between absorbance and concentration to obtain linear curve (Fig.4). 

From this curve value/standard factor (concentration per unit absorbance) was 

calculated. 

Each experiment was conducted in triplicates and amount of total sugars in 

mg/ml was found by using following formula. 

Total Sugar (mg/ml) = Optical Density X Dilution Factor X Standard Factor 
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Fig. 4.        Standard curve for glucose at 490nm. 

3.3.2  Estimation of Reducing Sugars  

Reducing sugar content in the filtrate was estimated following the method of 

Miller (1956). Dilutions of samples were made using distilled water. Reaction mixture 

containing 1.0 ml of sample filtrate and 3.0 ml DNS solution was taken in test tube 

and mixed thoroughly. After that the tubes were kept in boiling water bath at 100
o
C 

for 10min. The tubes were allowed to cool and optical density was measured at 

540nm. Glucose was taken as standard. Each experiment was conducted in triplicates 

and amount of reducing sugars in mg/ml was found by using following formula. 

Reducing sugar (mg/ml) = Optical Density X Dilution Factor X Standard Factor 

3.3.3  Estimation of Total Phenolic Content 

Total phenolic compounds in the filtrate were estimated by the method of 

Carralero et al. (2005). Dilutions were prepared using distilled H2O. In this method 

5.0 ml of Folin Ciocalteau solution (phosphotungstic-phosphomolybdic acid) was 

taken in test tube and 1 ml of sample was added in it. After gentle mixing 2 ml of 

7.5% sodium carbonate solution was added. Color changed to pale yellow first and 

y = 0.0095x - 0.0043 
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then following the addition of sodium carbonate it turned to blue. The solution was 

allowed to stand for 1 h at room temperature and then absorbance was measured at 

765nm using vaniline as standard. Total phenolic contents were then calculated using 

following formula. 

Total Phenolic Contents (mg/ml) = Optical Density X Dilution Factor X Standard 

Factor 

3.4  Analysis of Pretreated Residue 

3.4.1  Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

Variations in the physicochemical characteristics of chemical as well as 

thermochemically treated poplar substrate were compared with the untreated substrate 

by FTIR and XRD analyses. The treated as well as untreated biomass were analyzed 

by Agilent technologies Cary 630 FTIR. The absorption spectra were recorded in the 

range of 4000-400cm
-1

.  

3.4.2  X-ray Diffraction (XRD) analysis 

Cellulose crystallinity was determined by X-ray diffraction (JDX-3530, JEOL, 

Tokyo, Japan). Samples of each size fraction were analyzed. All samples were 

scanned from 2θ = 7
o
 to 40

o
 with a step size of 0.02. Determination time was 1 

s/0.02
o
.  

The crystallinity index (CrI) was defined as follows:  

 CrI = (I002 – Iam) / I002 x 100  

Where I002 and Iam are the intensity of diffraction at 2θ = 22.6
o
 and at 2θ = 18.7

o
, 

respectively (Segal et al., 1959).  

3.4.3  Mass Balance 

The dried pretreated biomass residues for all 13 experimental runs of acid, 

acid steam, base and base steam pretreatments were weighed on a weighing balance in 
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order to calculate degradation or solubility index and recovery index following acid, 

acid steaming, base and base steaming pretreatment of popular substrate. The % 

degradation indicates difference between biomass weight before and after 

pretreatment and hence shows that how much % of biomass was degraded or 

solubilized by the acid and base pretreatments and their respective thermochemical 

pretreatments. Higher degradation or solubility indicates that a set of experimental 

conditions of acid/base concentration, substrate quantity and residence time has 

effectively acted upon biomass to bring change in its structure. Following formula 

was used to calculate degradation index.  

Degradation index (%) = 
                                
                            

 x 100  

3.5  Microorganisms for Cellulase production and Ethanol 

fermentation. 

In this study cultures of five bacterial species viz., B. atrophaeus, B. 

licheniformis, B. cereus, B. thuringenisis and B. safensis were revived from the 

microbial conservatory of Microbial Biotechnology Lab., Department of Zoology, 

University of the Punjab, Lahore, Pakistan. Cellulase production potential of these 

bacterial species was tested in carboxymethyl cellulose medium and of these the best 

cellulase producer; Bacillus cereus strain was employed for further experiments. The 

bacterium had been isolated from the gut of Labeo rohita. All the isolates had already 

been identified by 16S rRNA gene sequencing technology. The sequence obtained 

was aligned using CLUSTAL W 1.81. The strain was revived in nutrient broth and its 

culture was maintained on nutrient agar slants and kept at 4
o
C for further use. 
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3.6  Cellulase assay 

3.6.1  Estimation of Exoglucanase activity 

Exoglucanase activities was accomplished as described previously (Irfan et 

al., 2011). Briefly, 0.5 ml of crude enzyme solution and 0.5ml of 0.05M citrate buffer 

pH 5 containing 50 mg of filter paper were incubated at 50
o
C for 30 minutes. After 

the incubation, 1.5 ml of dinitrosalicylic acid (DNS) solution was added to stop the 

reaction followed by 10 minutes incubation in a boiling water bath. Absorbance was 

then taken at 540 nm (Spectrophotometer Cecil, CE 2042). One unit (U) of enzyme 

activity was defined as the quantity of enzyme, which released 1µmol of glucose 

under standard assay conditions. Different concentrations of glucose i.e., 20, 40, 60, 

80 and 100µg/ml were prepared for the determination of reducing sugars (glucose) as 

described in an earlier section. A graph was plotted between absorbance and 

concentration to obtain linear curve (Fig.5). From this curve value/standard factor 

(concentration per unit absorbance) was calculated. 

FPase activity (IU) =
                   

                (      )      

 

Where, 

OD = optical density of solution taken at 540 nm 

D.F. = dilution factor 

S.F. = standard factor value from glucose standard curve 

1000 = conversion into micromole 

180 = Molecular weight of glucose 



44 
 

 

 

Fig. 5.  Standard curve for glucose at 540nm for Exoglucanase activity  

3.6.2  Estimation of Endoglucanase activity 

Endoglucanase activity was measured using sodium carboxymethyl cellulose 

(Na-CMC) as substrate. Reaction mixture containing 0.5ml of crude enzyme and 

0.5ml of 1% CMC (0.05M citrate buffer, pH 5.0) was incubated at 50
o
C for 30 

minutes. After incubation, 1.5 ml of dinitrosalicylic acid (DNS) solution was added to 

stop the reaction and test tube was boiled for 10 minutes in a boiling water bath. 

Absorbance was taken at 540 nm. One unit (U) of enzyme activity was defined as the 

quantity of enzyme, which released 1µmol of glucose under standard assay 

conditions. Different concentrations of glucose such as 10, 20, 30, 40 and 50 µg/ml 

solutions were prepared for the determination of reducing sugars (glucose) as 

described in earlier section. A graph was plotted between absorbance and 

concentration to obtain linear curve (Fig. 6). From this curve value/standard factor 

(concentration per unit absorbance) was calculated. 

CMCase activity (IU) =
                   

                (      )      

 

Where, 

y = 0.0084x - 0.0041 

R² = 0.9984 
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OD = optical density of solution taken at 540 nm 

D.F. = dilution factor 

S.F. = standard factor value from glucose standard curve 

1000 = conversion into micromole 

180 = Molecular weight of glucose 

 

Fig. 6.   Standard curve of glucose at 540nm for CMCase activity. 

3.6.3  Optimization of various process parameters for cellulase production 

The cultural conditions were optimized through one factor at a time approach 

and nutritional conditions were optimized through response surface methodology. 

3.6.4  Optimization of medium components and their quantity 

Plackett–Burman experimental design was used to screen out and evaluate the 

relative importance of the different components of medium for production of cellulase 

submerged fermentation. Each variable was designated and used with a high (+) and a 

low (−) concentration (Table 6). The nutrient factors tested included concentrations of 

substrate, MgSO4, Yeast Extract, CaCl2, CoCl2, Peptone, KH2PO4 and FeSO4.7H2O 

(Table 7). The significant factors (ingredients) were further optimized for their 

concentrations. In order to optimize process conditions, Box-Behnken design (BBD) 
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was used for cellulase production. The independent variables used were 

concentrations of yeast extract (X4), MgSO4 (X5) and peptone (X7) and their levels are 

described in Table 8. This design is highly suitable for quadratic response surface and 

generates second order polynomial regression model. Relation between actual and 

coded values was described by the following equation. 

i

i
i

X

XX
x




       Eq. (1) 

Where xi and Xi are the coded and actual values of the independent variable, 

Xo is the actual value of the independent variable at the central point and ΔXi is the 

change of Xi. The response was calculated from the following equation using 

STATISTICA software (99
th

 edition). 

y = jij
ji

ii

k

i

k

i
XXX 1

2

11
 


  Eq. (2) 

Where Y is the response, k is the number of variables, ß0 is the intercept, Xi 

and Xj are independent variables, ßi is the ith linear coefficient, ßii is the ith quadratic 

coefficient and ßij is the interaction coefficient. 
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Table 6. Range of parameters used for Placket Burrman design. 

Parameter Label Codes 

+1 -1 

Substrate Conc. (%) X1 0.5 5 

FeSO4.7H2O (%) X2 0.07 0.13 

KH2PO4 (%) X3 0.2 0.6 

Yeast extract (%) X4 0.15 0.5 

MgSO4 (%) X5 0.06 0.12 

CaCl2 (%) X6 0.025 0.125 

Peptone (%) X7 0.03 0.05 

CoCl2 (%) X8 0.05 0.1 

 

 

Table 7. Placket-Burman design for screening of parameters for cellulase 

production in submerged fermentation. 

 

  

Run No. X1 X2 X3 X4 X5 X6 X7 X8 

1 5.0 0.13 0.6 0.15 0.12 0.125 0.05 0.1 

2 0.5 0.13 0.2 0.15 0.12 0.125 0.03 0.1 

3 0.5 0.07 0.6 0.5 0.12 0.125 0.05 0.05 

4 5.0 0.07 0.2 0.15 0.06 0.125 0.05 0.05 

5 0.5 0.13 0.2 0.5 0.12 0.025 0.05 0.05 

6 0.5 0.07 0.6 0.5 0.06 0.125 0.03 0.1 

7 0.5 0.07 0.2 0.15 0.06 0.025 0.05 0.1 

8 5.0 0.07 0.2 0.5 0.12 0.025 0.03 0.1 

9 5.0 0.5 0.2 0.5 0.06 0.125 0.03 0.05 

10 5.0 0.5 0.6 0.5 0.06 0.025 0.05 0.1 

11 0.5 0.5 0.6 0.15 0.06 0.025 0.03 0.05 

12 5.0 0.13 0.6 0.15 0.12 0.125 0.05 0.1 
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Table 8.  Box-Behnken Design for cellulase production 

Run No. Yeast Extract MgSO4 Peptone 

1 0.5 0.12 0.04 

2 0.325 0.06 0.03 

3 0.15 0.09 0.03 

4 0.15 0.06 0.04 

5 0.15 0.12 0.04 

6 0.5 0.09 0.05 

7 0.325 0.12 0.05 

8 0.325 0.09 0.04 

9 0.5 0.09 0.03 

10 0.325 0.09 0.04 

11 0.325 0.12 0.03 

12 0.15 0.09 0.05 

13 0.325 0.09 0.04 

14 0.5 0.06 0.04 

15 0.325 0.06 0.05 

 

3.6.5  Optimization of physical parameters 

pH of size inoculum and incubation temperature were optimized through one 

factor variable at a time. 
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3.6.5.1  Optimization of Temperature 

The B. cereus was inoculated into the sterilized optimized medium for 

temperature optimization. Sets of triplicates experimental cultures as well as control 

were incubated at 30 ºC, 37 ºC and 45 ºC for 24 hours. After the termination of 

experiments the cultures were subjected to centrifugation (Sigma, 2-16PK, Germany) 

for 10 minutes at 10,000 rpm and 4
o
C to remove cell mass and other particles. The 

cell free clear liquid thus obtained was used as crude enzyme. 

3.6.5.2  Optimization of pH 

For optimization of pH, the bacterial strain was inoculated into the sterilized 

optimized selective media having initial pH 5, 7 and 9 and incubated at optimum 

growth temperature for 24 hours. Following the termination of the experiment the 

crude enzyme was obtained as mentioned above. 

3.6.5.3  Optimization of Inoculum Size 

The studied strain was inoculated in to sterilized medium corresponding to 

optimum pH representing 1%, 2%, 3%, 4% and 5% inocula and incubated at the 

optimum temperature for 24 hours. Thereafter crude enzyme was saved as mentioned 

before. 

3.7  Cellulase production in the pre and un-treated poplar biomass 

Submerged fermentations were conducted in 250 ml capacity Erlenmeyer 

flasks. For cellulase production, nutritional conditions were screened and various 

process parameters were optimized using Placket-Burman design of response surface 

methodology. Main nutritional components and their levels screened have been 

mentioned in tables 6 and 7. Concentrations of yeast extract, MgSO4 and peptone 

were found significant for exoglucanase production as described in results section.  
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The media M-I, M-II and MIII contained, un-treated, acid pretreated and base 

pre-treated substrates, respectively. The pH of the medium was made 9.0 with 1N 

HCl/NaOH. The medium components were then sterilized at 121
o
C for 15 minutes at 

15 Psi pressure. Following the sterilization and cooling to room temperature, 2% (v/v) 

of the 24h old cell culture was inoculated to each of the fermentation flasks which 

were subsequently incubated at 37
°
C at 120 rpm for 24 h. After the termination of the 

fermentation period, the culture broth was centrifuged as mentioned before to save the 

crude enzyme preparation.  

3.7.1  Enzymatic hydrolysis of substrate 

These experiments were conducted in 250 ml Erlenmeyer flask using twenty 

five milliliter of indigenously produced cellulase with CMCase and FPase activities of 

2.20 IU/ml/min and of 2.159 IU/ml/min, respectively.  Whereas, commercial cellulase 

having FPU of 250 IU/g in citrate buffer pH 5 was used for saccharification at 50
o
C 

for various time periods. The commercial enzyme was purchased from Shandong 

Longda, Bioproducts, Co. Ltd. China. One unit is defined as amount of the enzyme 

yielding one µg of product (reducing sugar) / ml under the assay conditions. For 

saccharification 2% substrate was loaded. Following the enzymatic hydrolysis, the 

material was centrifuged at 10,000 rpm for 10 min. Supernatant was saved for sugar 

analysis, and % saccharification was determined as described by Irfan et al. (2016). 

Saccharification (%) =    
                         (     )

               (     )
        

3.8  Isolation of Yeast:  

 For isolation of yeast soil which had been impregnated with sugarcane juice 

was sampled from a sugarcane juice extraction unit near Jinnah Hospital Lahore, 

Pakistan, in sterile containers and immediatedly brought to the laboratory. Three 
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samples were taken from the said location. Two g of a sample was dispensed in a test 

tube containing 10 ml of autoclaved distilled water and mixed on a gyro-mixer for 20 

minutes. Then 0.5ml of the suspension was poured and spread on YPD agar fortified 

with 0.02% chloramphenicol. After 24h of incubation at 37
o
C separated colonies of 

yeast from three YPD agar plates were shifted to nutrient agar plates to obtain the 

pure culture. The pure culture was then preserved in the form of glycerol stocks.  

3.9  Separate hydrolysis and fermentation (SHF) and simultaneous 

saccharification and fermentation (SSF) of the untreated 

substrate. 

Ethanol fermentations were conducted by two separate routes which are depicted in 

Fig: 7.  

3.9.1  Separate Hydrolysis and Fermentation (SHF)  

 In separate hydrolysis and fermentation method, 200 ml of already optimized 

medium for cellulase production was taken in experimental bottles and 2% inoculum 

of B. cereus prepared in nutrient broth was added. Then the experimental bottles were 

kept in shaking incubator at 37
o
C at 120rpm. After 24 hrs of incubation, the culture 

was centrifuged to save crude enzyme. Then 2% of the substrate was added in the 

supernatant and incubated at 50
o
C for 6 hrs. After the incubation the enzyme substrate 

mixture was centrifuged and the supernatant containing sugars was separated and 

divided into three categories of triplicates. To one set 2% of yeast inoculum prepared 

in YPD medium was added. The second set of the hydrolyzate was inoculated with 

2% bacterial inoculum. Whereas the third set was inoculated with 1% each of the 

bacterial and the yeast inocula. All categories of the cultures were incubated at 37
o
C. 

Samples were taken after 24, 48, 72 and 96 hours of the incubation. Contents of a 
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culture were shaken well and then the samples without centrifugation as well as after 

centrifugation (14000 rpm for 6 min) were transferred to 1.5 ml eppendorfs 

separately. The eppendorfs were kept in freezer at -20
o
C till further analysis.  

3.9.2  Simultaneous Saccharification and Fermentation (SSF) 

 In SSF method, 200ml of already optimized medium for cellulase production 

was taken in experimental bottles and 1% inocula each of the bacterium and the yeast, 

raised in their respective media, were added and incubated at 37
o
C upto 96 hrs. The 

samples were taken and preserved for analyses as mentioned in SHF process.  

3.9.3  Counting of bacterial and yeast cells SHF and SSF processes 

 After thorough vortexing the samples, eppendorfs were kept in stand for few 

minutes. Then the fluid portion of the sample was introduced into the Helber bacterial 

counting chamber (Thoma ruling) and observed under microscope at 400X employing 

the 40X objective. The bacterial cells visible within 16 small squares measuring (in 

total) 0.05 x 0.05 x 0.02 mm had volume of 0.00005mm
3
. Total number of bacterial 

cells counted within the containment described above were then calibrated as No. / ml 

with the help of following formula.  

No. of bacteria / ml = No. of cells X 32x10
7
 

 For counting the yeast cells the samples were introduced into Haemocytometer 

and the cells were then counted falling within one small square, measuring 0.05 x 

0.05 x 0.1mm. Total count within one square was then multiplied by 4x10
6
 to obtain 

number of yeast cells /ml of a sample. For bacterial as well as yeast counts, cells 

touching/crossing the upper and right borders were taken into account. Whereas those 

touching or crossing the bottom and left borders were not counted.   
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Fig 7.  Overview of the methodology for SHF and SSF routes of bioethanol 

productions from poplar leaves and twigs.  
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3.10  Estimation of Sugars  

 Standard solutions of glucose as well as xylose (sigma ultra pure) 20 mg/ml 

were employed in this study. The standards as well as the samples were filtered 

through 0.2 µm (Sartorius) filters. Then 10 µl each of a sample as well as standard 

was injected through autosampler (Perkielnemyer). The analytes were then resolved 

through Aminex HPX – 87 H column (300 x 7.8 mm) by using 5mM sulfuric acid as 

mobile phase at 1.00 ml / min flow rate. Temperature of the column was maintained 

at 50
o
C by using column oven. The unit sugars were then detected with R1 detector. 

Peak areas of the standards and the samples of same retention times were then used to 

calculate amount of sugars in the samples with the help of following formula.  

mg/ml = 
                    

                      
     (            ) 

 3.11  Estimation of Ethanol 

 Ethanol concentration of fermented broths was determined by gas 

chromatograph (GC): Agilent Technologies 7890B GC system using Agilent J & W 

GC capillary column DB-5 (length 30m, diameter 0.32 nm with film thickening of 

0.25 µm having temperature limit of -60
o
C to 325

o
C) and FID detector. Column oven 

temperature was set at 90
o
C, whereas injection and detector temperatures were 170

o
C 

and 175
o
C, respectively. The N2 was used as carrier gas, whereas the H2 was 

employed as flame gas. H2 flow was 30 ml/min, whereas air flow was 40 ml/min.  

0.5 µl of standard (10%) ethanol (Riedel – de Haen ®) as well as samples 

were injected to the GC capillary injector with the help of microinjecting syringe. 

(Agilent Manual syringe 5 µl RN, 23g cone tip facility). The ethanol concentration of 

the experimental samples was determined with the help of following formula.  
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Ethanol mg/L = 
                    

                      
 x 78.8 x 1000 

3.12  Estimation of inhibitors formation following saccharifications 

and fermentation.  

 HMF (5-Hydroxymethyl-furfural ArK Pharm, Inc (No. AK26249) 1840 

Industrial Dr. Suite 120 Libertyvile, IL 60048, USA) pure acetic acid (Merck) were 

used as standards. Standard solutions were prepared through serial dilutions. 

Hydroxymethyl furfural (HMF) standard solution contained 1.00 µg of HMF 

dissolved in 1.00 ml of methanol + acetonitryl + double distilled water (1:1:1). 

Likewise one ml of the solvent contained 0.001µl of acetic acid. The experimental 

samples were centrifuged at 6000 rpm for 6 minutes. The supernatents were then 

filtered through 0.21 µm Millipore filters (Sartorius). Then 20 µl each of a standard 

and sample was injected into Agilent 1100 series HPLC (U.S.A.), fitted with C18 

Merck column (4.6 x 250 mm; 5µm particle size). The inhibitors were resolved by 

using 0.1% H2SO4, CAN and double distilled methanol (1:1:1) as mobile phase at 1 

ml/min flow rate with 170 bar pressure and employing the diode array detector. The 

quantification HMF and acetic acid was then achieved by incorporating peak areas 

into the following formulae:  

I. Conc. of HMF; µg/ml of sample = 
                    

                     
  

 

II. Conc. of Acetic acid; µg/ml of sample = 
                    

                     
 x 1050 
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3.13  Molecular Characterization of the microorganisms  

Extraction of Genomic Bacterial DNA  

 The select bacterial isolate was revised from the stock culture and grown for 

overnight in Luria Bertani broth (LB broth). Then 1.5 ml culture was used to harvest 

cells’ pellet. DNA extraction was done with GF-1 Bacteiral Genomic DNA extraction 

Kit which was used as per user’s instruction nmanual. Isolated Genomic DNA was 

then analyzed on 0.4% agarose gel.  

DNA Preparation of the yeast by Boiling Process  

 One ml of cell suspension of 24 hrs old culture was shifted to microtube and 

kept in a water-bath at 90
o
C for 5 min. The suspension (containing DNA) was 

vigorously homogenized by vortex for 10s and the tube was frozen on ice. The DNA 

sample was incubated at -180
o
C until ice formation. The samples were then allowed 

to thaw at room temperature and homogenized by vortex for 10s.  

Precipitation with isopropanol  

 After boiling and freeze-thawing as mentioned above, the cell debris was 

separated by centrifugation at 10,000 x g for 15 min and re-suspended in 100µl TE 

buffer. The supernatant was precipitated with cold isopropanol and again centrifuged 

at 10,000 x g for 15 min. The DNA present in the supernatant and cell debris were 

submitted to 25 and 30-cycle PCR for amplification separately.  

PCR procedure  

 Primers yeast F and yeast R (submitted to Regional Patent Office) targeting 

the conserved region of 18S rDNA were used to amplify a 375-bp segment. PCR 

amplification was performed at final volume of 25µl. One microlitre of DNA sample 

(from boiling and freeze-thawing) was added to the PCR master mixture, which 

consisted of buffer Taq DNA polymerase enzyme 1x (Invitrogen Corporation, USA), 
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1.5U Platinum® Taq DNA polymerase (Invitrogen Corporation, USA), 100µmol each 

dNTP (Invitrogen Corporation, USA), 0.8 pmol/µl (0.8 µM) of each primer 

(Integrated DNA Technologies Inc., USA), 2.5 mM MgCl2. Amplification consisted 

of an initial denaturation step at 94
o
C for 5 min, followed by 25, 30, or 35 cycles 

comprising a denaturation step at 94
o
C for 30 s, an annealing step at 68

o
C for 45 s, 

and an extension step at 72
o
C for 30 s, followed by a final extension at 72

o
C for 5 

min. A PTC-100 peltier thermal cycler (Bio-Rad Life Sciences, USA) was used.  

DNA Quantification  

DNA was quantified with help of dsDNA high sensitivity kit (Qubit, Cat # 

Q32851) using Qubitfluorometer. DNA quantity was normalized to a concentration of 

0.2 µg/ µL using standard protocol. The study was approved by the Institutional 

Review Board (IRB) at Rehman Medical Institute (RMI), Peshawar, Pakistan. 

Subsequent procedures of sequencing including library preparation, amplification and 

clean up of libraries etc were accomplished commercially from RMI, where MiSeq 

machine is used. From the 18S rRNA gene sequence the yeast was identified as 

Candida tropicalis.  

Sequence Data Analysis  

Once sequencing completed, raw sequence NGS data were processed to 

remove adapter sequences. De-multiplexing was done with the help of CASAVA to 

separate FASTQ files for each individual. The individual data file was then analyzed 

according to Genome Analysis Toolkit (GATK) Best Practices recommendation 

(Auwera et al., 2013). Processing steps were employed using Trimmomatic tool 

(Bolger et al., 2014). in order to remove technical biases/artifacts from reads various 

data clean-up operations such as, removal of adapters sequences and filtering of low 

quality reads on basis of quality scores (Q>30) were applied.  
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All the sequences were submitted to GenBank for obtaining accession 

numbers.  

Statistical Analysis  

The data, regarding the different fermentation experiments, were analyzed 

using ANOVA (Turkey’s test) to estimates the significance. Means were compared by 

using multiple range tests. All the analyses were performed using MINITAB 16 

(Pennsylvania State University, USA, 1972).  
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4. RESULTS 

4.1  Pretreatment of poplar biomass 

4.1.1  Sulphuric Acid pretreatment 

 Dried powder of poplar leaves and twigs (1:1 ratio) was pretreated with dilute 

sulphuric acid. Main target was to get maximum degradation of lignin. Maximum 

liberation of total phenolic compounds was considered indicator of efficient 

breakdown of lignin. 

 Box-Bhenken Design (BBD) of response surface methodology (RSM) with 

three factors and three levels was applied for optimization of pretreatment conditions. 

The three factors (variables) used for pretreatment were; sulphuric acid concentration 

(X1), substrate loading (X2) and residence time (X3). The levels of these three 

variables are mentioned in Table 2. Three analyses i.e., total sugars (mg/ml), reducing 

sugars (mg/ml) and total phenol (mg/ml) of the pretreated filtrate were measured. 

Results of the acid pretreated are mentioned in Table 9. Maximum total phenolic 

compounds (57.386 mg/ml) and total sugars (163.056 mg/ml) were liberated at 15% 

(w/v) substrate loading and 4 and 8 hrs. retention (soaking), respectively time at room 

temperature after the addition of 0.8 % (v/v) sulphuric acid (Table 9).   
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Table. 9.  Results of Box-Behnken Design for reducing sugars, total sugars and total phenolic yields after dilute 

sulphuric acid treatment of the poplar substrate. 

Run 

No. 

X1 
(% v/v) 

X2 

(% w/v) 
X3 

(Hrs) 
Reducing Sugars (mg/ml) Total Sugars (mg/ml) Total Phenol (mg/ml) 

Observed Predicted Residual Observed Predicted Residual Observed Predicted Residual 

1 0.8 10 6 3.300 3.300 0.000 116.203 116.203 0.000 0.891 0.891 0.000 

2 1.0 10 8 4.385 4.029 0.356 100.671 118.189 -17.518 11.864 10.782 1.082 

3 1.0 15 6 4.672 4.735 -0.063 135.398 144.834 -9.436 37.298 38.301 -1.002 

4 1.0 10 4 4.846 4.490 0.355 124.046 112.036 12.009 32.868 34.937 -2.068 

5 1.0 5 6 1.973 2.622 -0.648 50.258 35.313 14.944 17.974 15.985 1.989 

6 0.6 15 6 6.588 5.939 0.648 116.719 131.663 -14.944 32.512 34.501 -1.989 

7 0.8 5 4 2.241 1.948 0.293 31.888 58.843 -26.954 16.065 15.985 0.079 

8 0.6 10 8 3.938 4.293 -0.355 130.960 142.970 -12.009 12.373 10.304 2.068 

9 0.8 15 8 4.659 4.952 -0.293 163.056 136.101 26.954 16.294 16.373 -0.079 

10 0.6 10 4 3.986 4.342 -0.356 154.800 137.281 17.518 27.827 28.909 -1.082 

11 0.6 5 6 1.597 1.533 0.063 107.947 98.510 9.436 14.283 13.280 1.002 

12 0.8 10 6 3.300 3.300 0.000 116.203 116.203 0.000 0.891 0.891 0.000 

13 0.8 5 8 2.305 2.013 0.292 100.929 98.356 2.573 8.096 11.167 -3.071 

14 0.8 15 4 5.235 5.527 -0.292 161.198 163.772 -2.573 57.386 54.315 3.071 

15 0.8 10 6 3.300 3.300 0.000 116.203 116.203 0.000 0.891 0.891 0.000 

X1 = Concentration of Sulphuric acid  

X2 =  Substrate loading  

X3 =  Retention Time. 
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Levels of predicted reducing sugars (mg/ml), total sugars (mg/ml) and total 

phenolic compounds (mg/ml) under the conditions described were very near to the 

observed values depicting the accuracy of the model employed (Fig. 8). 
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Fig. 8. Graphical representations of the observed and predicted values of 

total sugars, reducing sugars and total phenolic compounds of the 

Poplar substrate for the acid pretreatment. 
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The response of reducing sugars (mg/ml), total sugars (mg/ml) and total 

phenolic compounds (mg/ml) was calculated by second order polynomial regression 

equations (Eqs. 3-5). 

Regression equations for the chemical pretreatments; 

Y (Reducing sugars, mg/ml) = 5.91 – 14.6X1+0.9897X2 – 1.03X3+13.57X1
2
 – 

0.0054X2
2
+ 0.1114X3

2
–0.573 X1X2- 0.258X1X3–

0.0160X2X3 Eq. (3) 

Y (Total sugars, mg/ml) = 187 - 250 X1+ 12.7 X2 – 16.6X3–3.0 X1
2
- 0.539 

X2
2
+2.89X3

2
 – 19.1 X1X2 + 0.3X1X3–1.68X2X3  Eq. (4) 

Y (Total Phenolic compounds, mg/ml) = 254.2 – 401.8X1- 4.21X2 – 23.22X3+ 267.5 

X1
2
+ 0.5571X2

2
+2.411X3

2
+0.27 X1X2-3.47X1X3- 

0.828X2X3  Eq. (5) 

All the data were statistically analyzed and the results were found significant 

as explained by regression equations. The proposed model was found highly 

significant (P<0.001) for removal of total phenolic compounds following this 

treatments (Table 10). The Fisher’s F-test values of 2.85, 48.39 and 8.08 were 

observed for total sugars, reducing sugars and total phenolic compounds, respectively 

(Table 10). The coefficient of determination (R
2
 value) predicted the goodness of fit 

of the model. The coefficient of determination values of 83.68%, 98.85% and 93.57% 

for total sugars, total phenols and reducing sugars following the acid treatment, 

respectively showed accuracy of the model. Contour plots for total sugars (TS) total 

phenol (TP) and reducing sugars (RS) released following the pretreatment at different 

conditions are shown in Figs. (Fig. 9-11). 
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Table. 10 Analysis of variance (ANOVA) for quadratic model for reducing 

sugars, total sugars and total phenolic compounds after H2SO4 

treatment. 

 
Total 

Sugars 

(mg/ml) 

Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                9  15346.1   1705.1     2.85    0.131 

  Linear             3  11499.4   3833.1     6.40    0.036 

    X1 (%)           1   1251.3   1251.3     2.09    0.208 

    X2 (%)           1  10177.9  10177.9    17.00    0.009 

    X3 (h)           1     70.1     70.1     0.12    0.746 

  Square             3   1260.3    420.1     0.70    0.590 

    X1
2
               1      0.1      0.1     0.00    0.992 

    X2
2
               1    671.6    671.6     1.12    0.338 

    X3
2
               1    492.7    492.7     0.82    0.406 

  2-Way Interaction  3   2586.5    862.2     1.44    0.336 

    X1. X2           1   1458.0   1458.0     2.44    0.179 

    X1.X3            1      0.1      0.1     0.00    0.993 

    X2. X3           1   1128.4   1128.4     1.88    0.228 

Error                5   2993.4    598.7 

  Lack-of-Fit        3   2993.4    997.8                 

  Pure Error         2      0.0      0.0 

Total                14  18339.5 

Reducing 

sugars 

(mg/ml) 

Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                9  24.6971   2.7441     8.08    0.017 

  Linear             3  21.3849   7.1283    20.99    0.003 

    X1 (%)           1   0.0067   0.0067     0.02    0.894 

    X2 (%)           1  21.2480  21.2480    62.57    0.001 

    X3 (h)           1   0.1302   0.1302     0.38    0.563 

  Square             3   1.8530   0.6177     1.82    0.261 

    X1
2
               1   1.0886   1.0886     3.21    0.133 

    X2
2
               1   0.0679   0.0679     0.20    0.673 

    X3
2
               1   0.7330   0.7330     2.16    0.202 

  2-Way Interaction  3   1.4592   0.4864     1.43    0.338 

    X1. X2           1   1.3140   1.3140     3.87    0.106 

    X1.X3            1   0.0425   0.0425     0.13    0.738 

    X2. X3           1   0.1026   0.1026     0.30    0.606 

Error                5   1.6978   0.3396 

  Lack-of-Fit        3   1.6978   0.5659                 

  Pure Error         2   0.0000   0.0000 

Total                14  26.3949 

Total 

Phenol 

(mg/ml) 

Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                9  3457.89  384.210    48.39    0.000 

  Linear             3  1883.09  627.696    79.06    0.000 

    X1 (%)           1    21.16   21.158     2.66    0.164 

    X2 (%)           1   947.72  947.718   119.36    0.000 

    X3 (h)           1   914.21  914.212   115.14    0.000 

  Square             3  1292.51  430.836    54.26    0.000 

    X1
2                      

1   422.70  422.698    53.24    0.001 

    X2
2
               1   716.13  716.126    90.19    0.000 

    X3
2
               1   343.34  343.336    43.24    0.001 

  2-Way Interaction  3   282.29   94.097    11.85    0.010 

    X1. X2           1     0.30    0.300     0.04    0.854 

    X1.X3            1     7.70    7.701     0.97    0.370 

    X2. X3           1   274.29  274.291    34.55    0.002 

Error                5    39.70    7.940 

  Lack-of-Fit        3    39.70   13.233                 

  Pure Error         2     0.00    0.000 

Total                14  3497.58 
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Fig. 9. Contour plots of total sugars (TS) released (mg/ml) from pulverized 

poplar leaves and twigs (1:1 ratio) following H2SO4 pretreatment.  
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Fig. 10. Contour plots of total phenolic compounds (TP) released (mg/ml) 

from pulverized poplar leaves and twigs (1:1 ratio) following H2SO4 

pretreatment.  
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Fig. 11. Contour plots of total Reducing Sugars (RS) released (mg/ml) from 

pulverized poplar leaves and twigs (1:1 ratio) following H2SO4 

pretreatment.  
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4.1.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis of the acid 

(Sulfuric acid) treated Poplar substrate. 

Fourier transform infrared spectroscopy (FTIR) of poplar substrate (leaves and 

twigs) treated with sulfuric acid was carried out to check the changes in the structural 

composition. The FT-IR spectra of untreated and sulfuric acid treated poplar 

substrates were in the range of 500-4000cm
-1

 (Fig. 12). Several sharp peaks as well as 

low intensity peaks were investigated for both spectra. The peak at 1026cm
-1 

observed 

in untreated poplar substrate was found to be shifted to 1019cm
-1 

in the acid treated 

substrate. Raw poplar leaves and twigs showed the peak at 1733cm
-1 

but to peak 

intensity reduced in acid treated poplar substrate. Untreated poplar substrate 

illustrated the peak at 2851 and 2920 1507cm
-1 

but intensity of these peaks reduced in 

the treated substrate (Fig. 12). XRD analysis of the raw and acid treated poplar 

substrates is depicted as Fig. 13. 
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Fig. 12. FTIR analysis of (A) raw and (B) H2SO4 treated poplar substrates. 

 

Fig. 13.   XRD analysis of raw (black) and acid treated (red) of poplar 

substrates.  

 

  

A 

B 
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4.1.3  Mass balance analysis 

After acid pretreatment, the mass balance was measured and percent 

degradation was calculated. Results illustrated that maximum degradation (80%) was 

observed when 5% substrate was treated with 0.6% H2SO4 concentration with 

residence time of 6h at room temperature (Fig. 14). 

 
Fig. 14.  Mass balance of the acid pretreated poplar substrate. 
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4.2  Thermochemical pretreatment of poplar substrate 

 In the present study, the Box-Bhenken Design of response surface 

methodology results for  thermochemical (acid pretreatment followed by autoclaving) 

pretreatment revealed highest level of total sugars released up to 303.064 mg/ml and 

reducing sugars up to 17.053 mg/ml (Table 11). In the thermochemical treatment, 

sugar production was higher as compared to the acid treatment alone. However, total 

phenolic compounds released in the thermochemical treatment were lower than the 

chemical treatment. This means that thermochemical treatment was very effective in 

solubilization of hemicellulose content with lesser amounts of available phenolic 

compounds Table (11). 
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Table. 11 Results of Box-Behnken Design on the yield of reducing sugars, total sugars and total phenolic compounds 

after dilute acid treatment followed by autoclaving (steam) of the poplar substrate. 

Run # X1 

(%v/v) 
X2 

(% w/v) 
X3 

(Hrs) 
Reducing Sugars (mg/ml) Total Sugars (mg/ml) Total Phenolic compounds (mg/ml) 

Observed Predicted Residual Observed Predicted Residual Observed Predicted Residual 

1 0.8 10 6 13.854 13.854 0.000 299.28 299.280 0.000 36.624 36.624 0.000 

2 1.0 10 8 17.053 14.469 2.584 146.544 132.151 14.392 15.543 11.853 3.690 

3 1.0 15 6 11.769 13.129 -1.360 268.32 289.098 -20.778 35.440 34.561 0.878 

4 1.0 10 4 11.583 11.988 -0.404 205.024 199.195 5.828 26.885 27.702 -0.816 

5 1.0 5 6 11.390 12.210 -0.819 199.107 198.549 0.557 20.698 24.451 -3.752 

6 0.6 15 6 13.395 12.575 0.819 303.064 303.621 -0.557 38.801 35.048 3.752 

7 0.8 5 4 7.261 6.037 1.224 145.993 152.380 -6.386 21.310 16.741 4.568 

8 0.6 10 8 15.739 15.335 0.404 169.89 175.721 -5.828 25.090 24.274 0.816 

9 0.8 15 8 14.567 15.791 -1.224 196.94 190.553 6.386 20.278 24.847 -4.568 

10 0.6 10 4 2.495 5.079 -2.584 184.659 199.051 -14.392 10.655 14.345 -3.690 

11 0.6 5 6 8.082 6.722 1.360 248.230 227.451 20.778 22.150 23.028 -0.878 

12 0.8 10 6 13.854 13.854 0.000 299.28 299.280 0.000 36.624 36.624 36.624 

13 0.8 5 8 11.649 13.414 -1.764 104.232 119.182 -14.950 15.925 15.863 0.062 

14 0.8 15 4 12.195 10.431 1.764 262.678 247.728 14.950 29.826 29.888 -0.062 

15 0.8 10 6 13.854 13.854 0.000 299.28 299.280 0.000 36.624 36.624 36.624 

X1 = Concentration of sulphuric acid  

X2 = Substrate loading  

X3 = Residence time  
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The predicted reducing sugar (mg/ml), total sugars (mg/ml) and total phenolic 

compounds (mg/ml) under these conditions were almost near to the observed values 

depicting accuracy of the model (Fig. 15). 

 

 

 
 

Fig. 15.  Graphical representations of the observed and predicted values of 

reducing sugars, total sugars, and the total phenolic compounds of 

the poplar substrate for acid followed by autoclaving 

pretreatment. 
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Regression equations for chemical treatments followed by autoclaving; 

Y (Reducing sugars, mg/ml) = - 74.9 +97.0 X1+ 2.83X2+8.80X3-29.9X1
2
 – 0.0599X2

2
 

- 0.235X3
2
 – 1.23 X1X2 - 4.86X1X3–0.050X2X3 Eq. (6) 

Y (Total sugars, mg/ml) = - 1163.0+ 984 X1+ 26.5 X2+316.5X3 – 569.0 X1
2
- 0.873 

X2
2
- 25.0X3

2
+3.59 X1X2-27.3X1X3–0.599X2X3     Eq. (7) 

Y (Total Phenolic compounds, mg/ml) = -255.9+295.0X1+ 4.14X2+49.97X3-120.5 

X1
2
- 0.1012X2

2
-3.065X3

2 -
0.48 X1X2 - 16.11X1X3 –  

0.104X2X       Eq. (8) 

In case of thermochemical treatment, the F-test values were found 98.44, 

27.74 and 14.51 for total sugars, total phenolic compounds and reducing sugars, 

respectively (Table 12). The p-value of 0.009, 0.000 and 0.001 were found very 

significant for total sugars, total phenolic compounds and reducing sugars and well 

explained by the model (Table 12). For the thermochemical treatment, the R
2
 values 

were 96.87%, 91.31% and 85.07% for total sugars, total phenolic compounds and 

reducing sugars, respectively. Furthermore the credibility of the model was supported 

by adjusted R
2
 values recorded up to 54.30%, 96.82% and 81.99% for total sugars, 

total phenolic compounds and reducing sugars, respectively. 

 Contour plots of total sugars, total phenolic compounds and reducing sugars 

released following the thermochemical pretreatment at different conditions are shown 

as Figs 16-18.  
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Table 12. Analysis of variance (ANOVA) for quadratic model for reducing sugars, total 

sugars and total phenolic compounds after H2SO4 treatment followed by 

autoclaving. 
Total Sugars 

(mg/ml) 

Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                9  57990.6   6443.4    17.18    0.003 

  Linear             3  18924.3   6308.1    16.82    0.005 

    X1 (%)           1    942.9    942.9     2.51    0.174 

    X2 (%)           1  13897.7  13897.7    37.06    0.002 

    X3 (h)           1   4083.6   4083.6    10.89    0.021 

  Square             3  38393.2  12797.7    34.13    0.001 

    X1
2                       

1   1913.6   1913.6     5.10    0.073 

    X2
2
               1   1760.3   1760.3     4.69    0.082 

    X3
2
               1  36911.8  36911.8    98.44    0.000 

  2-Way Interaction  3    673.1    224.4     0.60    0.643 

    X1. X2           1     51.7     51.7     0.14    0.726 

    X1.X3            1    477.7    477.7     1.27    0.310 

    X2. X3           1    143.7    143.7     0.38    0.563 

Error                5   1874.9    375.0 

  Lack-of-Fit        3   1874.9    625.0                 

  Pure Error         2      0.0      0.0 

Total                14  59865.5 

Reducing 

sugars (mg/ml) 

Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                9  159.216  17.6907     3.17    0.109 

  Linear             3  122.294  40.7648     7.29    0.028 

    X1 (%)           1   18.255  18.2549     3.27    0.131 

    X2 (%)           1   22.928  22.9277     4.10    0.099 

    X3 (h)           1   81.112  81.1119    14.51    0.013 

  Square             3   14.705   4.9017     0.88    0.512 

    X1
2                       

1    5.296   5.2960     0.95    0.375 

    X2
2
               1    8.276   8.2756     1.48    0.278 

    X3
2
               1    3.252   3.2516     0.58    0.480 

  2-Way Interaction  3   22.217   7.4055     1.32    0.364 

    X1. X2           1    6.088   6.0877     1.09    0.344 

    X1.X3            1   15.111  15.1115     2.70    0.161 

    X2. X3           1    1.017   1.0174     0.18    0.687 

Error                5   27.946   5.5892 

  Lack-of-Fit        3   27.946   9.3153                 

  Pure Error         2    0.000   0.0000 

Total                14  187.162 

Total Phenol 

(mg/ml) 
Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                9  1051.39  116.822     5.84    0.033 

  Linear             3   262.85   87.617     4.38    0.073 

    X1 (%)           1     0.44    0.438     0.02    0.888 

    X2 (%)           1   244.89  244.893    12.24    0.017 

    X3 (h)           1    17.52   17.520     0.88    0.392 

  Square             3   617.17  205.724    10.28    0.014 

    X1
2                       

1    85.83   85.834     4.29    0.093 

    X2
2
               1    23.64   23.636     1.18    0.327 

    X3
2
               1   554.89  554.890    27.74    0.003 

  2-Way Interaction  3   171.37   57.124     2.86    0.144 

    X1. X2           1     0.91    0.912     0.05    0.839 

    X1.X3            1   166.13  166.130     8.31    0.035 

    X2. X3           1     4.33    4.332     0.22    0.661 

Error                5   100.02   20.003 

  Lack-of-Fit        3   100.02   33.339                 

  Pure Error         2     0.00    0.000 

Total                14  1151.41 
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Fig. 16. Contour plots of total sugars (TS) released (mg/ml) from 

pulverized poplar leaves and twigs (1:1 ratio) following 

thermochemical pretreatment.  
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Fig. 17.  Contour plots of total Total Phenolic Compounds (TP) released 

(mg/ml) from pulverized poplar leaves and twigs (1:1 ratio) 

following thermochemical pretreatment. 
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Fig. 18.  Contour plots of total Reducing Sugars (RS) released (mg/ml) 

from pulverized poplar leaves and twigs (1:1 ratio) following 

thermochemical pretreatment. 
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4.2.1  FTIR analysis of thermochemical treated poplar substrate  

The thermochemical pretreated substrate was structurally analyzed by Fourier 

transform infra-red (FTIR) spectroscopy to study the effect of the pretreatments (Fig. 

19). FTIR of poplar substrate (leaves and twigs) treated with sulfuric acid followed by 

autoclaving was carried out to check the changes in the structural composition. The 

FTIR spectra of untreated poplar substrate, sulfuric acid followed by autoclaving 

treated poplar substrate were in the range of 500-4000cm
-1

. Several sharp peaks as 

well as low intensity peaks were examined for all sample spectra. The highest peak at 

1026.9 cm
-1 

in untreated poplar substrate was recorded. Whereas this peak intensity 

(1028.7 cm
-1

) increased in treated substrate. Similarly, untreated poplar substrate 

showed the peak at 1610.2 cm
-1 

but the peak intensity (1615.8 cm
-1

) increased in acid 

and heat treated poplar substrate. Untreated poplar substrate also illustrated peaks at 

2851.4 and 2920.4 cm
-1 

but intensity of these peaks reduced down to 2849.5 and 

2918.5 cm
-1

, respectively in the treated substrate (Fig. 19).  
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Fig. 19.  FTIR analysis of (A) untreated (B) acid followed by autoclaving 

treated poplar substrate. 

 

The XRD pattern of untreated and acid followed by autoclaving treated poplar 

biomasses is shown in Fig. 20. Crystallinity index depicted the crystalline structure of 

cellulose. The crystallinity index of untreated poplar biomass was 36.5% which 

increased in H2SO4 treated (51.8%) and H2SO4 followed by autoclaving treatment 

(58.0%).  

A 

B 
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Fig. 20.  XRD analysis of raw (black) and acid followed by autoclaving 

treatment (blue) of the poplar substrate.  

 

4.2.2  Mass balance analysis  

 Mass balance of the acid treated followed by autoclaving poplar substrate was 

calculated. The results are depicted as Fig. 21.  

The maximum substrate degradation of 66.5% and minimum degradation of 14.7% 

were noted employing acid with steam (121
o
C, 15min) treatment.  
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Fig. 21.   Mass balance of the acid followed by autoclaving treatment of 

poplar substrate. 

 

4.3  Pretreatment of poplar substrate with base 

 Poplar leaves and twigs (1:1 ratio) dried powder was pretreated with dilute 

sodium hydroxide. The main target was to get maximum degradation of lignin. For 

this purpose, maximum liberation of total phenolic compounds was considered as 

indicator of better breakdown of lignin. 

 Box-Bhenken Design (BBD) of response surface methodology (RSM) with 

three factors and three levels was applied for optimization of pretreatment conditions. 

The three factors used for pretreatment were; sodium hydroxide concentration (X1), 

substrate loading (X2) and residence time (X3). Three parameters total sugars, 

reducing sugars and total phenol of the pretreated filtrate were measured and reported 

as mg/ml (Table 13). Experiments were performed in triplicates and second order 

polynomial regression equations were applied to calculate the response.  

Experimental and predicted values of total sugars, reducing sugars and total 

phenol are mentioned in Table 13. Using Box-Bhenken design, the maximum total 
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sugars (184.81 mg/ml), reducing sugars (6.50 mg/ml) and total phenol (47.73 mg/ml) 

were liberated at 15% (w/v) of the substrate loading with soaking time of 4 hrs at 

room temperature after the addition of 3% (w/v) sodium hydroxide (Table 13).  
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Table. 13.  Results of Box-Behnken Design for reducing sugars, total sugars and total phenolic yields after NaOH 

treatment at RT. 

Run 

No.  

Variable Reducing Sugars (mg/ml) Total Sugars (mg/ml) Total Phenol (mg/ml) 

X1 
(% v/v) 

X2 
(% w/v)  

X3 
(Hrs) 

Observed Predicted Residual Observed Predicted Residual Observed Predicted Residual 

1 3 10 6 2.49 2.49 0.00 118.65 118.65 0.00 23.94 23.94 0.00 

2 5 10 8 0.20 1.10 -0.90 49.84 60.50 -10.66 9.20 12.55 -3.34 

3 5 15 6 0.81 2.213 -1.39 79.58 108.24 -28.66 21.27 25.21 -3.94 

4 5 10 4 3.96 2.56 1.39 181.80 144.38 37.42 32.30 27.49 4.81 

5 5 5 6 0.11 -0.78 0.90 37.80 35.90 1.90 7.29 4.81 2.47 

6 1 15 6 0.27 1.17 -0.90 45.45 47.35 -1.90 8.89 11.37 -2.47 

7 3 5 4 0.96 3.25 -2.29 80.36 119.69 -39.32 18.98 26.27 -7.29 

8 1 10 8 0.48 1.87 -1.39 25.22 62.64 -37.42 7.82 12.64 -4.81 

9 3 15 8 4.29 1.99 2.29 121.72 82.39 39.32 24.13 16.84 7.29 

10 1 10 4 5.22 4.32 0.90 119.91 109.25 10.66 31.88 28.54 3.34 

11 1 5 6 4.18 2.79 1.39 92.46 63.80 28.66 23.75 19.80 3.94 

12 3 10 6 2.49 2.49 0.00 118.65 118.65 0.00 23.94 23.94 0.00 

13 3 5 8 3.85 3.86 -0.001 109.14 100.38 8.75 28.06 27.20 0.86 

14 3 15 4 6.50 6.50 0.00 184.81 193.57 -8.75 47.73 48.60 -0.86 

15 3 10 6 2.49 2.49 0.00 118.65 118.65 0.0000 23.94 23.94 0.00 

X1 = Concentration of NaOH 

X2= Substrate loading  

X3 = Residence time  
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For the assesment of significant level for total sugars, reducing sugars and 

total phenol liberation, analysis of variance (ANOVA) was performed. Table 14 

represents the experimental results which demonstrate the model’s effect on yields of 

total sugars, reduing sugars and total phenol by alkaline pretreatment. For alkaline 

pretreatment computed Fisher’s F-test value of 5.37, 10.80 and 1.77 were observed 

for total sugars, total phenols and reducing sugars, respectively (Table 14). The 

contour plots of total sugars (TS), reducing sugars (RS) and total phenol (TP) released 

during pretreatment at different conditions are shown in Figs. 22-24.  
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Table 14. Analysis of variance (ANOVA) for quadratic model for reducing 

sugars, total sugars and total phenol after NaOH treatment. 

Total Sugars 

(mg/ml) 
Source                             DF   Adj SS   Adj MS  F-Value  P-Value 

Model                              9  23749.4  2638.82     1.66    0.298 

  Linear                           3  10619.3  3539.76     2.23    0.202 

    NaOH Conc.                     1    544.2   544.16     0.34    0.583 

    Substrate Conc.                1   1562.2  1562.16     0.99    0.366 

    Time                           1   8513.0  8512.97     5.37    0.068 

  Square                           3   8702.0  2900.66     1.83    0.259 

    NaOH Conc.*NaOH Conc.          1   6613.0  6613.05     4.17    0.097 

    Substrate Conc.*Substrate Conc.1    577.5   577.53     0.36    0.572 

    Time*Time                      1   1178.3  1178.34     0.74    0.428 

  2-Way Interaction                3   4428.1  1476.03     0.93    0.491 

    NaOH Conc.*Substrate Conc.     1   1971.1  1971.14     1.24    0.315 

    NaOH Conc.*Time                1    347.1   347.15     0.22    0.659 

    Substrate Conc.*Time           1   2109.8  2109.80     1.33    0.301 

Error                              5   7925.0  1585.00 

  Lack-of-Fit                      3   7925.0  2641.66        *        * 

  Pure Error                       2      0.0     0.00 

Total                             14  31674.4 

Reducing 
sugars 

(mg/ml) 

Source                            DF   Adj SS   Adj MS  F-Value  P-Value 

Model                              9  37.0978  4.12198     0.95    0.554 

  Linear                           3  11.8169  3.93896     0.91    0.498 

    NaOH Conc.                     1   3.2169  3.21685     0.74    0.428 

    Substrate Conc.                1   0.9564  0.95644     0.22    0.658 

    Time                           1   7.6436  7.64360     1.77    0.241 

  Square                           3  13.1716  4.39053     1.02    0.459 

    NaOH Conc.*NaOH Conc.          1   6.1810  6.18097     1.43    0.285 

    Substrate Conc.*Substrate Conc.1   0.0769  0.07688     0.02    0.899 

    Time*Time                      1   5.9038  5.90380     1.37    0.295 

  2-Way Interaction                3  12.1093  4.03644     0.93    0.490 

    NaOH Conc.*Substrate Conc.     1   5.3303  5.33028     1.23    0.317 

    NaOH Conc.*Time                1   0.2420  0.24200     0.06    0.822 

    Substrate Conc.*Time           1   6.5370  6.53702     1.51    0.274 

Error                              5  21.6137  4.32274 

  Lack-of-Fit                      3  21.6137  7.20457        *        * 

  Pure Error                       2   0.0000  0.00000 

Total                             14  58.7115 

Total Phenol 

(mg/ml) 
Source                            DF   Adj SS   Adj MS  F-Value  P-Value 

Model                              9  1463.57  162.619     3.69    0.082 

  Linear                           3   547.83  182.611     4.15    0.080 

    NaOH Conc.                     1     0.66    0.656     0.01    0.908 

    Substrate Conc.                1    71.67   71.671     1.63    0.258 

    Time                           1   475.50  475.504    10.80    0.022 

  Square                           3   440.50  146.834     3.33    0.114 

    NaOH Conc.*NaOH Conc.          1   301.20  301.203     6.84    0.047 

    Substrate Conc.*Substrate Conc.1     0.57    0.566     0.01    0.914 

    Time*Time                      1   107.44  107.442     2.44    0.179 

  2-Way Interaction                3   475.24  158.413     3.60    0.101 

    NaOH Conc.*Substrate Conc.     1   207.84  207.842     4.72    0.082 

    NaOH Conc.*Time                1     0.23    0.228     0.01    0.945 

    Substrate Conc.*Time           1   267.17  267.169     6.07    0.057 

Error                              5   220.17   44.034 

  Lack-of-Fit                      3   220.17   73.390        *        * 

  Pure Error                       2     0.00    0.000 

Total                              14  1683.74 
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Fig. 22.    Contour plots of total sugars (TS) released (mg/ml) from 

pulverized poplar leaves and twigs (1:1) following NaOH 

pretreatment.   

NaOH Conc. 3

Hold Values

Substrate Conc.

T
im

e

15.012.510.07.55.0

8

7

6

5

4

>  

–  

–  

–  

–  

<  100

100 120

120 140

140 160

160 180

180

TS (mg/ml)

Contour Plot of TS (mg/ml) vs Time, Substrate Conc.

Substrate Conc. 10

Hold Values

NaOH Conc.

T
im

e

54321

8

7

6

5

4

>  

–  

–  

–  

–  

<  80

80 100

100 120

120 140

140 160

160

TS (mg/ml)

Contour Plot of TS (mg/ml) vs Time, NaOH Conc.

Time 6

Hold Values

NaOH Conc.

S
u

b
st

ra
te

 C
o

n
c
.

54321

15.0

12.5

10.0

7.5

5.0

>  

–  

–  

–  

–  

<  40

40 60

60 80

80 100

100 120

120

TS (mg/ml)

Contour Plot of TS (mg/ml) vs Substrate Conc., NaOH Conc.



87 
 

 

 

 

 

 
Fig. 23.  Contour plots of Total Phenolic Compound (TS) released (mg/ml) 

from pulverized poplar leaves and twigs (1:1 ratio) following 

H2SO4 pretreatment.   
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Fig. 24. Contour plots of reducing sugars (RS) of released (mg/ml) from 

pulverized poplar leaves and twigs (1:1 ratio) following H2SO4 

pretreatment.  
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4.3.1  Fourier Transform Infrared Spectroscopy (FTIR) analysis of the base 

(Sodium Hydroxide) treated poplar substrate.  

The pretreated substrate was structurally analyzed by Fourier transform infra-

red (FTIR) spectroscopy to study effect of the base pretreatment of poplar substrate 

(Fig. 25). The FTIR spectra of untreated and base treated poplar substrates were in the 

range of 500-4000cm
-1

. The highest peak at 1026.9 cm
-1 

was recorded in the untreated 

substrate. Whereas this peak reduced down to 1010.1 cm
-1

 in the base treated 

substrates.  The untreated poplar substrate showed the peak at 1610.2cm
-1

. The
 
peak 

intensity 1597.2 cm
-1

 decreased in treated poplar substrate. Untreated poplar substrate 

illustrated the peak at 2851.4 and 2920.4 cm
-1 

but the intensity of these peaks reduced 

down to 2849.5 and 2916.6 cm
-1

, respectively in the treated substrate (Fig. 25).  
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Fig. 25. FTIR analysis of (A) untreated and (B) base treated poplar 

substrates. 

  

A 
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4.3.2  Mass balance analysis  

Maximum degradation of 76% corresponding to 5% base concentration for 5% 

substrate loading at 6 hrs soaking time was measured. Whereas the minimum 

degradation of 43.1% was recorded at 3% base concentration for 15% substrate 

loading for 8 hrs soaking time (Fig. 26). The XRD pattern of untreated and base 

treated poplar biomasses was recorded (Fig. 27). The start of the peaks regarding to 

CPS of untreated poplar biomass was about 13000 which increased in base treated 

substrate up to 17000.  
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Fig. 26.   Degradation index of poplar biomass after pretreatment with 

NaOH 

 

 

Fig. 27.  XRD of analysis of raw (black) and sodium hydroxide treated of 

poplar substrates.   
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4.4  Alkaline Steam Pretreatment of poplar substrate  

Total sugars, reducing sugars and total phenolic yields were analyzed from 

alkaline stream pretreated poplar leaves and twigs (1:1 ratio). Again Box-Bhenken 

Design (BBD) of response surface methodology (RSM) with three factors and three 

levels was applied for optimization of pretreatment conditions. The three factors used 

for pretreatment were; sodium hydroxide concentration (X1), substrate loading (X2) 

and residence time (X3). The poplar leaves and twigs were submitted to alkaline 

pretreatment with various concentrations of NaOH (1, 3, 5%), substrate loadings (5, 

10, 15g) and soaking (residence) times (4, 6, 8 hr) and then autoclaved at 121 ºC at 15 

Psi in accordance to Box Behnken design to analyse the optimal conditions for the 

liberation of total sugars, reducing sugar and total phenolic compounds. Maximum 

total sugars (305.64 mg/ml) were liberated at 15% (w/v) of the substrate loading with 

soaking time of 6 hrs. in 5 % (w/v) sodium hydroxide followed by the autoclaving 

(Table 15). Highest reducing sugars (16.65 mg/ml) were measured for the 

pretreatment conditions of 1% NaOH, 10% substrate loading and 8 h residence time. 

The highest total phenolic compounds (166.91 mg/ml) were recorded at the 

pretreatment conditions of 3% NaOH, 15% substrate loading and 8h residence time 

(Table 15). 
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Table 15.  Results of Box-Behnken Design for reducing sugars, total sugars and total phenolic yields after NaOH 

pretreatment followed by steam. 

Run 

No.  

X1 X2 X3 Reducing Sugars (mg/ml) Total Sugars (mg/ml) Total Phenol (mg/ml) 

Observed Predicted Residual Observed Predicted Residual Observed Predicted Residual 

1 3 10 6 11.65 11.65 -0.00 148.71 148.71 -0.00 35.33 35.33 0.00 

2 5 10 8 1.65 0.46 1.18 70.77 57.75 13.02 105.09 110.80 -5.71 

3 5 15 6 5.23 3.06 2.16 305.64 292.88 12.76 139.11 133.04 6.07 

4 5 10 4 11.57 13.33 -1.76 147.16 146.55 0.60 45.31 41.71 3.60 

5 5 5 6 0.10 1.69 -1.58 127.19 153.58 -26.38 64.51 68.48 -3.97 

6 1 15 6 16.55 14.96 1.587 301.86 275.47 26.38 122.10 118.13 3.97 

7 3 5 4 11.28 7.93 3.35 117.44 91.65 25.78 35.49 35.12 0.36 

8 1 10 8 16.65 14.89 1.76 34.31 34.91 -0.60 101.84 105.44 -3.60 

9 3 15 8 5.34 8.69 -3.35 45.49 71.27 -25.78 166.91 167.27 -0.36 

10 1 10 4 11.78 12.97 -1.18 186.99 200.02 -13.02 34.01 28.30 5.71 

11 1 5 6 1.69 3.86 -2.16 188.85 201.61 -12.76 58.55 64.63 -6.07 

12 3 10 6 2.09 1.69 0.40 17.45 4.09 13.36 77.60 67.92 9.68 

13 3 5 8 13.00 13.40 -0.40 224.25 237.62 -13.36 44.14 53.82 -9.68 

14 3 15 4 11.65 11.65 -0.00 148.71 148.71 -0.00 35.33 35.33 0.00 

15 3 10 6 1.65 0.46 1.18 70.77 57.75 13.02 105.09 110.80 -5.71 

X1 = Concentration of NaOH 

X2 = Substrate loading  

X3 = Residence time 
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All the data were statistically analyzed and the results were found significant. 

The proposed model was found highly significant (P<0.001) for the liberation of total 

phenolic compounds from the base plus steam pretreated poplar substrate (Table 16). 

The Fisher’s F-test value up to 43.03, 139.12 and 10.68 were observed for total 

sugars, total phenols and reducing sugars, respectively (Table 16). The contour plots 

of total sugars (TS) total phenol (TP) and reducing sugars (RS) released during the 

pretreatment at different conditions are shown in Figs. 28-30.  
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Table 16.  Analysis of variance (ANOVA) for quadratic model for reducing 

sugars, total sugars and total phenol after NaOH treatment 

followed by steam. 
Total Sugars 

(mg/ml) 

Source                            DF  Adj SS   Adj MS  F-Value  P-Value 

Model                              9  101586  11287.4    15.07    0.004 

  Linear                           3   55420  18473.3    24.66    0.002 

    NaOH Conc.                     1     469    468.9     0.63    0.465 

    Substrate Conc.                1   22717  22716.7    30.33    0.003 

    Time                           1   32234  32234.2    43.03    0.001 

  Square                           3   42089  14029.6    18.73    0.004 

    NaOH Conc.*NaOH Conc.          1    7615   7615.3    10.17    0.024 

    Substrate Conc.*Substrate Conc.1    4990   4990.2     6.66    0.049 

    Time*Time                      1   26247  26247.0    35.04    0.002 

  2-Way Interaction                3    4078   1359.2     1.81    0.261 

    NaOH Conc.*Substrate Conc.     1    1071   1070.8     1.43    0.285 

    NaOH Conc.*Time                1    1455   1455.4     1.94    0.222 

    Substrate Conc.*Time           1    1551   1551.4     2.07    0.210 

Error                              5    3745    749.1 

  Lack-of-Fit                      3    3745   1248.5        *        * 

  Pure Error                       2       0      0.0 

Total                              14  105332 

Reducing 
sugars 

(mg/ml) 

Source                            DF   Adj SS   Adj MS  F-Value  P-Value 

Model                              9  387.184  43.0204     4.65    0.053 

  Linear                           3  236.549  78.8497     8.52    0.021 

    NaOH Conc.                     1   98.798  98.7984    10.68    0.022 

    Substrate Conc.                1   77.804  77.8038     8.41    0.034 

    Time                           1   59.947  59.9470     6.48    0.052 

  Square                           3   71.698  23.8993     2.58    0.166 

    NaOH Conc.*NaOH Conc.          1    9.914   9.9136     1.07    0.348 

    Substrate Conc.*Substrate Conc.1   62.785  62.7847     6.79    0.048 

    Time*Time                      1    0.576   0.5757     0.06    0.813 

  2-Way Interaction                3   78.937  26.3122     2.84    0.145 

    NaOH Conc.*Substrate Conc.     1   23.672  23.6723     2.56    0.171 

    NaOH Conc.*Time                1   54.682  54.6820     5.91    0.059 

    Substrate Conc.*Time           1    0.582   0.5824     0.06    0.812 

Error                              5   46.253   9.2505 

  Lack-of-Fit                      3   46.253  15.4176        *        * 

  Pure Error                       2    0.000   0.0000 

Total                              14  433.436 

 

Total Phenol 
(mg/ml) 

Source                            DF   Adj SS   Adj MS  F-Value  P-Value 

Model                              9  26161.2   2906.8    37.82    0.000 

  Linear                           3  17838.6   5946.2    77.36    0.000 

    NaOH Conc.                     1    176.1    176.1     2.29    0.191 

    Substrate Conc.                1   6969.1   6969.1    90.67    0.000 

    Time                           1  10693.4  10693.4   139.12    0.000 

  Square                           3   6649.4   2216.5    28.84    0.001 

    NaOH Conc.*NaOH Conc.          1   2425.9   2425.9    31.56    0.002 

    Substrate Conc.*Substrate Conc.1   4549.9   4549.9    59.20    0.001 

    Time*Time                      1    414.6    414.6     5.39    0.068 

  2-Way Interaction                3   1673.1    557.7     7.26    0.029 

    NaOH Conc.*Substrate Conc.     1     30.6     30.6     0.40    0.556 

    NaOH Conc.*Time                1     16.2     16.2     0.21    0.666 

    Substrate Conc.*Time           1   1626.4   1626.4    21.16    0.006 

Error                              5    384.3     76.9 

  Lack-of-Fit                      3    384.3    128.1        *        * 

  Pure Error                       2      0.0      0.0 

Total                              14  26545.5 
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Fig. 28.  Contour plots of Total sugars (TS) released (mg/ml) from 

pulverized leaves and twigs (1:1) following NaOH plus steam 

pretreatment.  
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Fig. 29.  Contour plots of Total phenolic compounds (TP) released (mg/ml) 

from pulverized leaves and twigs (1:1) following NaOH plus steam 

pretreatment.  
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Fig. 30.  Contour plots of Reducing sugars (RS) released (mg/ml) from 

pulverized leaves and twigs (1:1) following NaOH plus steam 

pretreatment.  
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4.4.1  Fourier transform infrared spectroscopy (FTIR) of NaOH plus steam 

pretreated poplar substrate.  

Fourier transform infrared spectroscopy (FTIR) of untreated and NaOH plus 

steam pretreated poplar substrates were carried out to check the changes in the 

structural composition. The FTIR spectra of untreated and the base plus steam treated 

poplar substrates were in the range of 500-4000cm
-1

. The highest peak at 1026.9 cm
-1 

was recorded in the untreated poplar substrate. Whereas the peak intensity decreased 

(1023.2 cm
-1

) in base with steam treated substrate. Untreated poplar substrate showed 

the peak at 1610.2cm
-1 

but the peak intensity increased (1615.8 cm
-1

) in the base plus 

steam treated poplar substrate. Untreated poplar substrate illustrated the peaks at 

2851.4 and 2920.4 cm
-1 

but the intensity of these peaks reduced down to 2849.5 and 

2918.5 cm
-1

, respectively in the treated substrate (Fig. 31).  
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Fig. 31.  FTIR analysis of (A) untreated poplar substrate and (B) base plus 

steam (autoclaving) treated poplar substrate. 
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4.4.2   Mass balance analysis  

Maximum degradation of 90% corresponding to 1% base concentration for 5% 

substrate loading at 6 hrs soaking time was measured. Whereas minimum degradation 

of 58% was recorded at 1% base concentration for 15% substrate at 6 hrs soaking 

time (Fig. 32). The XRD pattern of untreated and the base plus steam treated poplar 

biomasses was recorded (Fig. 33). The start of the peaks regarding to CPS of 

untreated poplar biomass was about 13000 which increased in the base plus steam 

treated substrate up to 17000.  
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Fig. 32.  Mass balance of poplar biomass after pretreatment with base plus 

steam (autoclaving).  

 

 

Fig. 33.  XRD of untreated poplar biomass (Black) and base plus steam 

(Blue) pretreated poplar substrate. .  
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4.5  Cellulase production potential of Bacillus cereus.  

Five bacterial originally isolate from fish gut were obtained and revieved from 

conservatory of Microbilogy laboratory, Department of Zoology, University of the 

Punjab, Lahore, Pakistan. They were then screened for their cellulase production 

potential. Cellulase production was confirmed by the bacterial growth on 

carboxymethyl cellulose agar plates subsequently stained with Congo red. The 

enzyme assay was performed for saccharification zones yielding bacteria (Table 17).  

Bacillus cereus produced highest exoglucanase activity (0.698 IU/ml/min) as 

compared to the enzyme profile of Bacillus safensis (0.347 IU/ml/min.) and 

Bacillus atrophaeus (0.231 IU/ml/min.). The Bacillus cereus was therefore selected 

for further studies.  

Table 17.  Cellulase producing potential of the bacterial species employing 

carboxmethyl cellulose medium  

Sr. No. Species  Accession Number  Zone Enzyme activity 

(IU/ml/min) 

1 Bacillus atrophaeus KF625180 + 0.231
c
±0.012 

2 Bacillus licheniformis KF625185 - - 

3 Bacillus cereus KF625179 + 0.698
a
±0.097 

4 Bacillus thuringiensis KF625173 - - 

5 Bacillus safensis KF551977 + 0.347
b
±0.055 

The values in the last column of the table with do not share a letter are significantly different 

from each other (P<0.001). Sing factor analysis of variance.  

-  = No enzyme activity was detected  
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4.6  Optimization of cellulase production  

 For maximum cellulase production, nutritional components of the medium 

were screened using Placket-Burman design of response surface methodology. Main 

nutritional ingredients and their levels are shown in table 6. Twelve run experiments 

were performed for the screening of various nutrients for cellulase production (Table 

18). From this experiment, three variables i.e., concentrations of yeast extract, MgSO4 

and peptone were found significant for exoglucanase production after analyzing the 

data using multiple regression as illustrated in pareto chart (Fig. 34). 
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Table 18.   Placket-Burman design for screening of parameters for exoglucanase production in submerged fermentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

X1 = Concentration of NaOH 

X2 = Substrate loading  

X3 = Residence time 

 

Run 

No. 

X1 X2 X3 X4 X5 X6 X7 X8 Exoglucanase activity (IU) Residues 

Observed Predicted 

1 5.0 0.13 0.6 0.15 0.12 0.125 0.05 0.1 0.077 0.069 0.007 

2 0.5 0.13 0.2 0.15 0.12 0.125 0.03 0.1 0.09 0.110 -0.020 

3 0.5 0.07 0.6 0.5 0.12 0.125 0.05 0.05 0.493 0.462 0.030 

4 5.0 0.07 0.2 0.15 0.06 0.125 0.05 0.05 0.295 0.321 -0.026 

5 0.5 0.13 0.2 0.5 0.12 0.025 0.05 0.05 0.299 0.329 -0.030 

6 0.5 0.07 0.6 0.5 0.06 0.125 0.03 0.1 0.694 0.712 -0.018 

7 0.5 0.07 0.2 0.15 0.06 0.025 0.05 0.1 0.161 0.122 0.038 

8 5.0 0.07 0.2 0.5 0.12 0.025 0.03 0.1 0.516 0.503 0.012 

9 5.0 0.5 0.2 0.5 0.06 0.125 0.03 0.05 0.584 0.557 0.026 

10 5.0 0.5 0.6 0.5 0.06 0.025 0.05 0.1 0.297 0.317 -0.020 

11 0.5 0.5 0.6 0.15 0.06 0.025 0.03 0.05 0.395 0.395 0.000 

12 5.0 0.13 0.6 0.15 0.12 0.125 0.05 0.1 0.077 0.069 0.007 
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Fig. 34.  Pareto chart or significant variables for exoglucanase production 

by the Bacillus cereus.  
 

To find optimum amounts of yeast extract, MgSO4 and peptone, response 

surface methodology was employed and the results are mentioned in table 19. The 

response obtained was calculated by second order polynomial regression equation (Eq 

4-5). The results showed that maximum cellulase production was observed at 

concentrations of 0.5% yeast extract, 0.09% MgSO4 and 0.03% peptone using poplar 

biomass as carbon source. The predicted cellulase productions under these conditions 

were almost near to the observed value depicting the accuracy of the model (Fig. 35). 

Y (Exoglucanase activity, IU) = -9.424 + 22.851 X4+ 104.91 X5+ 89.52 X7– 

18.484 X4
2
- 420.65 X5

2
+ 1619.2 X7

2
+ 57.71 X4X5- 332.86 X4X7-

 1100.0 X5X7               (Eq. 4) 

Y (Endoglucanase activity, IU) = -5.931 + 23.562 X4+ 76.79 X5- 42.6 X7- 22.990 X4
2
-

 287.6 X5
2
+ 3222 X7

2
+ 78.33 X4X5- 322.7 X4X7- 1050.0 X5X7  (Eq. 5)  
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Table 19. Box-Behnken Design for Exoglucanase production 

Run No. YE MgSO4 Peptone Exoglucanase activity Endoglucanase activity 

Observed predicted residual observed predicted residual 

1 0.5 0.12 0.04 1.60 1.60 -0.00 1.80 1.83 -0.03 

2 0.325 0.06 0.03 0.860 0.872 -0.012 0.950 0.983 -0.033 

3 0.15 0.09 0.03 0.080 0.076 0.004 0.060 0.059 0.001 

4 0.15 0.06 0.04 0.430 0.421 0.008 0.390 0.357 0.032 

5 0.15 0.12 0.04 0.048 0.052 -0.004 0.015 0.043 -0.028 

6 0.5 0.09 0.05 1.260 1.264 -0.004 1.340 1.340 -0.000 

7 0.325 0.12 0.05 1.360 1.347 0.012 1.840 1.807 0.033 

8 0.325 0.09 0.04 1.660 1.656 0.003 1.640 1.646 -0.006 

9 0.5 0.09 0.03 2.200 2.191 0.008 2.159 2.154 0.004 

10 0.325 0.09 0.04 1.660 1.656 0.003 1.650 1.646 0.003 

11 0.325 0.12 0.03 1.770 1.769 0.0002 2.150 2.121 0.028 

12 0.15 0.09 0.05 1.470 1.478 -0.008 1.500 1.504 -0.004 

13 0.325 0.09 0.04 1.650 1.656 -0.006 1.650 1.646 0.003 

14 0.5 0.06 0.04 0.770 0.765 0.0042 0.530 0.501 0.028 

15 0.325 0.06 0.05 1.770 1.770 -0.000 1.900 1.928 -0.028 
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Fig. 35.  Graph between observed and predicted values 

 

Following the analysis of variance of the experimental data results were found 

highly significant (P<0.001) having higher F-values of 4391.8 and 544.58 for 

exoglucanase and endoglucanase, respectively (Table 20). Whereas the coefficient of 

determination (R-value) had values of 99.99% and 99.90% for exoglucanase and 

endoglucanase, respectively. The adjusted R
2
 values for exoglucanase and 

endoglucanase were 99.96% and 99.71%, respectively which also showed the 

goodness of fit of the proposed model. 
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Table 20.   Analysis of Variance of cellulase production. 

Exoglucanase 

(IU/ml/min) 
Sources DF Adj SS Adj MS F value P 

value 

Model 9 5.98870 0.66541 4391.18 0.000 

X4 1 1.80690 1.80690 11924.11 0.000 

X5 1 0.11234 0.11234 741.34 0.000 

X7 1 0.11281 0.11281 744.47 0.000 
X4

2 
1 1.18320 1.18320 7808.19 0.000 

X5
2 

1 0.52920 0.52920 3492.31 0.000 
X7

2 
1 0.09680 0.09680 638.81 0.000 

X4X5 1 0.36724 0.36724 2423.47 0.000 

X4X7 1 1.35723 1.35723 8956.61 0.000 

X5X7 1 0.43560 0.43560 2874.62 0.000 

Error 

Lack of fit 

Pure error 

Total 

5                 

3                 

2                 

14               

0.00076 

0.00069 

0.00007 

5.98945 

0.00015 

0.00023 

0.00003 

 

6.91 

 

0.129 

Endoglucanase 

(IU/ml/min) 
Sources DF Adj SS Adj MS F value P 

value 

Model 9 7.48850 0.83206 544.58 0.000 

X4 1 1.86631 1.86631 1221.50 0.000 

X5 1 0.51765 0.51765 338.80 0.000 

X7 1 0.19877 0.19877 130.09 0.000 

X4
2 

1 1.83040 1.83040 1198.0 0.000 

X5
2 

1 0.24737 0.24737 161.90 0.000 

X7
2 

1 0.38323 0.38323 250.82 0.000 

X4X5 1 0.67651 0.67651 442.77 0.000 

X4X7 1 1.27577 1.27577 834.99 0.000 

X5X7 1 0.39690 0.39690 259.77 0.000 

Error 

Lack of fit 

Pure error 

Total 

5                 

3                 

2                 

14               

0.00764 

0.00757 

0.00007 

7.49614 

0.00153 

0.00252 

0.00003 

 

75.73 

 

0.013 

 

 The contour plots for exoglucanase as well as endoglucanase production by 

Bacillus cereus in submerged fermentation showed interaction of the variables (Figs. 

36, 37). In the present study peptone, yeast extract and MgSO4 were found significant 

for cellulase production in submerged fermentation employing the Bacillus cereus. 

Highest activities of both exoglucanase as well as endoglucanase were observed at 

0.5% yeast extract, 0.09% MgSO4 and 0.03% peptone (Table 19).  
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Fig. 36.  Contour plots of Exoglucanase production from Bacillus cereus in 

submerged fermentation.  
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Fig. 37.   Contour plots of endoglucanase production from Bacillus cereus in 

submerged fermentation.  
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Optimization of cultural parameters for exoglucanase and endoglucanase 

productions by the Bacillus cereus in submerged fermentation showed that initial 

medium pH 9.0 yielded maximum exoglucanase (2.36 IU/ml/min) and endoglucanase 

(2.55 IU/ml/min.) in the submerged fermentation (Fig. 37). Whereas the highest 

exoglucanase and endoglucanase activities up to 2.86 IU/ml/min and 3.47 IU/ml/min, 

respectively were recorded at 37 ºC incubation. 

 In the present study, various inocula sizes such as 1%, 2%, 3%, 4% and 5% 

v/v were tested for maximum productions of exoglucanase and endoglucanase by 

Bacillus cereus in submerged fermentation using the poplar substrate. The results 

revealed that 2% inoculum size (v/v) gave maximum titers of exoglucanase (2.90 

IU/ml/min.) and endoglucanase (3.49 IU/ml/min) (Fig. 38).  
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Fig. 38.   Effect of initial medium pH, temperature and inoculum size on 

cellulase production by B. cereus in submerged fermentation. 
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The cellulase produced by the bacterium was employed for saccharification of 

the poplar biomass at 50
o
C for different time periods to identify optimum time for 

maximum sugar yield. Efficiency of indigenously produced exoglucanase enzyme 

was compared with commercial cellulase. Results revealed that indigenously 

produced and commercial cellulases yielded maximum release of total sugars upto 

31.42 mg/ml and 41.18 mg/ml, respectively, after 6h of incubation at 50
o
C using raw 

poplar biomass (Fig. 39). Maximum reducing sugars produced by commercial and 

indigenously produced cellulase were 3.85mg/ml and 2.30 mg/ml, respectively after 

6h of incubation at 50
o
C.  
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Fig. 39.  Total sugars produced from hydrolysis of poplar biomass using 

(A) Indigenous enzyme (B) Commercial enzyme (6 = acid, 9 = acid 

+ steam, 13a = alkali and 13b = alkali+steam pretreatments).  
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Percent hydrolysis for commercial and indigenously produced cellulases were 

19.25% and 11.50%, respectively.  Comparison of pretreated and the untreated 

substrates showed that raw poplar feedstock gave results better than the pretreated 

substrates (Fig. 40).  

 

 

 

 

Fig. 40.  Percent saccharification from poplar biomass using (A) Indigenous 

enzyme (B) Commercial enzyme. (6 = acid, 9 = acid + steam, 13a = 

alkali and 13b = alkali+steam pretreatments) 

Owing to the better results of the bacterial (as well as commercial) cellulases, 

the untreated poplar substrate was employed in all the subsequent ethanol 

fermentation experiments.  
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4.7  Ethanol fermentation from Poplar substrate  

Sugars, cell biomass, ethanol and inhibitors’ contents of poplar substrate 

subjected to following different saccharification and fermentation conditions were 

determined.  

4.7.1 SHF with Bacteria:  

Two percent substrate which was saccharified enzymatically under pre-

determined optimized conditions revealed the presence of glucose and xylose upto 

6742 and 8561 mg/L, respectively. Likewise the enzymatically saccharified substrate 

had 14.0 µg/L and 2263.72 mg/L of HMF and acetic acied contents, respectively. 

When the 2% hydrolyzate of the poplar substrate was inoculated with the bacterium 

Bacillus cereus and incubated at 37
o
C for 24 hrs the glucose and xylose reduced down 

to 3267 and 1894 mg/L, respectively. Ethanol produced at 24 hrs post-fermentation 

was 80.5 mg/L (Tables 21, 23, Fig. 41). The ethanol production reduced down to 

58.26, 68.91 and 63.64 mg/L at 48, 72 and 96 hrs of the fermentation, respectively. 

Further incubation of the bacterial culture did not reduce the glucose content of the 

cell free culture fluid, rather it increased upto 32.73% at last sampling period (Table 

21, Fig 41). On the other hand xylose contents at all the sampling points remained 

more or less same (Table 22, Fig 41). The bacterial growth continued to increase 

throughout the experimental period from 29.65 ± 4.64 x 10
9
 at 24 hrs stage to 197.00 

± 49.1 x 10
9
 at the last sampling point (Table, 24, Fig. 41). HMF content of the 

bacterially fermented poplar hydrolyzate were recorded as 489.0 ±38.1, 659.3±17.2, 

533.7±20.2 and 232.00 µg/L at 24, 48, 72 and 96 hrs of the incubation, respectively. 

Respective amounts of the second inhibitor worked out in this study i.e., acetic acid 
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were 961.85±67.8, 1019.33±44.6, 982.1±63.9 and 705.96 mg/L (Tables 26, 27, Fig, 

41).  

4.7.2  SHF with Yeast: 

  Glucose and xylose contents of the enzymatically saccharified substrate went 

down from their initial levels of 6742 and 8561 mg/L to 4438±368 and 1260±85.00 

mg/L, respectively (Tables, 21, 22). These 34.17 and 85.28% reductions in the 

glucose and xylose contents, respectively in the poplar hydrolyzate at 24 hrs post-

incubation were accompanied with the yeast cell mass and ethanol production of 

513±17 x 10
6
/ml and 634±159 mg/L, respectively. Thereafter the glucose content 

reduced to 4256±375, 0.840 (mg/L), 1766±926 and 1167.33 (mg/L) with 

accompanying ethanol levels of 134.12±37.9, 138.8±23.1 and 71.51±15.2 mg/L, 

respectively (Tables 21, 23, Fig. 42). The xylose contents of the cell free culture fluids 

at the remaining sampling points ranged from 1182±104 to 1381.3±96.6 mg/L (Table 

22). The yeast cell counts appeared as 485 x 10
6
, 514 x 10

6
 and 852 x 10

6
/ml at 48, 72 

and 96 hrs of the incubation, respectively (Table 25, Fig. 42).  

Only 24 hrs yeast fermented hydrolyzate contained HMF content of 

351.3±48.6 µg/L, whilst at the remaining sampling points the inhibitor became non-

detectable (Table 26, Fig. 41). Acetic acid content of 24, 48, 72 and 96 hrs fermented 

cell free culture fluids were 777.53±345, 857.00±108, 664±107 and 512.20±93.8 

mg/L, respectively (Table 27, Fig. 42). 

4.7.3  Bacterial and Yeast cofermented poplar hydrylyzate (SHF with Bacteria 

and Yeast):  

 Glucose and xylose contents of the poplar hydrolyzate went down from their 

initial levels of 6742 and 8561 mg/L to 4066±678 and 1223.7±75.4 mg/L, 
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respectively following 24 hrs of incubation (Tables 21, 22, Fig. 43). These 39.69 and 

82% reductions in glucose and xylose contents, respectively were accompanied with 

101.87±6.78x10
9
 and 166.7±20.8x10

6
 cells / ml of the bacterium and yeast, 

respectively. The bacterial cells density went down to 80.85±1.05x10
9
, 90.77±8.3 x 

10
9
 and 80.96±9.64 x 10

9
 cells / ml at 48, 72 and 96 hrs, respectively. Whereas the 

yeast cells progressively increased from 194.7±28.9 x 10
6
 through 394.7±82.7 x 10

6
 

to 507±165 x 10
6
 cells / ml at 48, 72 and 96 hrs, respectively (Tables 24, 25). The 

ethanol productions were 501.04±46.7, 380.2±71.0, 201.00±12.8 and 173.2±5.63 

mg/L at 24 through 96 hrs of incubations, respectively (Table 23, Fig. 43).  

HMF contents of the co-fermented cell free culture fluids were 488.7±31.1, 

709.0±16.7, 450.0±36 and 381.67±2.19 µg/L at 24, 48, 72 and 96 hrs of incubations, 

respectively (Table 26, Fig. 42). The corresponding values for the acetic acid were 

765.00±74.4, 1168.00±30.7, 646.64±9.22 and 689.37 mg/L (Tables 26, 27, Fig. 43)  

4.7.4  SSF:  

In this experiment, the un-saccharified but autoclaved substrate (2%) was co-

inoculated with the bacterium and yeast cells. Following 24 hrs of the incubation the 

bacterial and yeast cells grew upto 23.04±9.30 x 10
9
 and 382.7±208 x 10

6
 cells / ml. 

Thereafter the bacterial growth reduced down to 17.49±2.99 x 10
9
, 15.25±1.36 x 10

9
 

and 19.31±5.48 x 10
9
 cells/ml at 48, 72 and 96 hrs postincubation, respectively. The 

yeast cells too showed a comparable trend having the corresponding values of 

106.7±21.5 x 10
6
, 141.3±26.3 x 10

6
 and 248±40.5 x 10

6
 cell/ml (Tables 24, 25, Fig. 

44). Glucose content of the cell free culture fluid appeared as 1568±226, 1529±182, 

571.5±7.50 and 696±24.0 mg/L at 24, 48, 72 and 96 hrs of incubation, respectively 

(Table 21). The xylose could not be detected throughout the study periods. Ethanol 
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productions at 24, 48, 72 and 96 hrs of incubations were 140.40±44.4, 60.6±13.5, 

177.8±23.9 and 83.5±10.3 mg/L, respectively (Table 23, Fig. 44).  

In case of simultaneous saccharification and fermentation HMF could appear only 

after 48 hrs of the incubation and values of the inhibitor were 260.3±25.8 and 

243.0±8.66 µg/L at 72 and 96 hrs of incubation, respectively (Table 26). However, 

acetic acid appeared in highest amounts so that 24, 48, 72 and 96 hrs fermented cell 

free fluids contained 3470±1666, 5360±503, 5013±721 and 4746±694 mg/L 

respectively (Table 27, Fig. 44).  
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Table 21.  Concentrations of glucose (mg/L) following different intervals of 

batch fermentations of enzymatically saccharified hydrolyzate of 

2% poplar substrate by the bacterium B. cereus (SHF with 

Bacterium), yeast C. tropicalis (SHF with yeast) and their co-

culture (SHF with Bacterium and Yeast) and simultaneous 

saccharification and fermentation (SSF) started with 2% inoculum 

of each microorganism. 

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Bacteria  

3267
AB,a 

±265 

3850
A,a 

±426 

3611
AB,a 

±416 

4307
A,a 

±389 

SHF with 

Yeast  

4438
A,a 

±368
 

4256
A,a 

±375 

1766
B,a 

±926 

0.00
B,b 

±0.00 

SHF with 

Bacteria and 

Yeast  

4066
A,a 

±678 

4070
A,a 

±17.2 

5472
A,a 

±1053 

4102
A,a 

±806 

SSF  1568
B,a 

±226 

1529
B,a 

±182 

571.50
B,b 

±7.50 

696
A,ab 

±24.0 

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  

Table 22.  Concentrations of Xylose (mg/L) following different intervals of 

batch fermentations of enzymatically saccharified hydrolyzate of 

2% poplar substrate by the bacterium B. cereus (SHF with 

Bacterium), yeast C. tropicalis (SHF with yeast) and their co-

culture (SHF with Bacterium and Yeast) and simultaneous 

saccharification and fermentation (SSF) started with 2% inocula 

of each microorganism. 

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Bacteria  

1894
A,a 

±84.5 

1636
A,a 

±143 

1662.7
A,a

 

±34.7 

1959
A,a 

±444 

SHF with 

Yeast  

1260
B,a 

±85.0
 

1182
AB,a 

±104 

1381.3
B,a 

±96.6 

1296.5
A,a 

±18.5 

SHF with 

Bacteria and 

Yeast  

1223.7
B,b 

±75.4 

1247.3
B,b 

±42 

1605.3
AB,a 

±31.8 

1276.3
A,b 

±94.2 

SSF  -------
c
 ------ ------ ------ 

c = the sugar was not detected  

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  
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Table 23. Ethanol concentrations (mg/L) following different intervals of 

batch fermentations of enzymatically saccharified hydrolyzate of 

2% poplar substrate by the bacterium B. cereus (SHF with 

Bacterium), yeast C. tropicalis (SHF with yeast) and their co-

culture (SHF with Bacteria and Yeast) and simultaneous 

saccharification and fermentation (SSF) started with 2% inoculum 

of each microorganism.  

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Bacteria  

80.5 
B,a

 

±24.2 

58.26
B,b

  68.91
B,b 

63.64
B,a 

± 7.62 

SHF with 

Yeast  

634
A,a 

±159 
 

134.1
B,b

  

±37.9 

138.8
A,b 

±23.1 

71.5
B,b 

±15.2 

SHF with 

Bacteria and 

Yeast  

501.4
AB,a

 

±46.7 

380.2
A,ab

  

±71.0 

201.0
A,b 

±12.8 

173.20
A,b 

±5.63 

SSF  140.4
B,a

 

±44.8 

60.6
B,a

  

±13.5 

177.8
A,a 

±23.9 

83.5
B,a 

±10.3 

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  

 

Table 24. Enumeration of bacterial cells x 10
9
 / ml following different 

intervals of batch fermentations of enzymatically saccharified 

hydrolyzate of 2% poplar substrate by the bacterium B. cereus 

(SHF with Bacterium), its co-culture with yeast C. tropicalis (SHF 

with Bacterium and Yeast) and simultaneous saccharification and 

fermentation (SSF) started with 2% inoculum of each 

microorganism. 

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Bacteria  

29.65
A,b 

±4.64 

55.52
B,b 

±2.57 

100.7
A,ab 

±18.1 

197.0
A,a 

±49.1 

SHF with 

Bacteria and 

Yeast  

101.87
B,a 

±6.78 

80.85
A,a 

±1.05 

90.77
A,a 

±8.3 

80.96
AB,a 

±9.64 

SSF  23.04
B,a 

±9.30 

17.49
C,a 

±2.99 

15.25
B,a 

±1.36 

19.31
B,a 

±5.48 

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  
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Table 25.  Enumeration of yeast cells x 10
6
 / ml following different intervals 

of batch fermentations of enzymatically saccharified hydrolyzate 

of 2% poplar substrate by the bacterium B. cereus (SHF with 

Bacterium), yeast C. tropicalis (SHF with yeast) and their co-

culture (SHF with Bacterium and Yeast) and simultaneous 

saccharification and fermentation (SSF) started with 2% inocula 

of each microorganism. 

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Yeast 

513
A,a 

±174 

485.3
A,a 

±72.9 

515
A,a 

±143 

852
A,a 

±126 

SHF with 

Bacteria and 

Yeast  

166.7
A,a 

±20.8 

194.7
B,a 

±28.9 

394.7
A,a 

±82.7 

507
AB,a 

±165 

SSF  382.7
A,a 

±20.8 

106.7
B,c 

±21.5 

141.3
A,bc 

±26.3 

248
B,b 

±40.5 

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  

Table 26.  Concentrations of HMF µg/L following different intervals of batch 

fermentations of enzymatically saccharified hydrolyzate of 2% 

poplar substrate by the bacterium B. cereus (SHF with 

Bacterium), yeast C. tropicalis (SHF with yeast) and their co-

culture (SHF with Bacterium and Yeast) and simultaneous 

saccharification and fermentation (SSF) started with 2% inocula 

of each microorganism. 

 

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Bacteria  

489.0
A,b 

±38.1 

659.3
A,a 

±17.2 

533.7
A,b 

±20.2 

232
B,c 

SHF with 

Yeast  

351.3
A,a 

±48.6
 

0.00
B,b 

±0.00 

00
C,b 

±00 

0.00
C,b 

±0.00 

SHF with 

Bacteria and 

Yeast  

488.7
A,b 

±31.1 

709.0
A,a 

±16.7 

450.0
A,bc 

±36.0 

381.67
A,c 

±2.19 

SSF  0.00
B,b 

±0.00 

0.00
B,b 

±0.00 

260.3
B,a 

±25.8 

243.0
B,a 

±8.66 

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  
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Table 27.  Concentrations of Acetic Acid mg/L following different intervals of 

batch fermentations of enzymatically saccharified hydrolyzate of 

2% poplar substrate by the bacterium B. cereus (SHF with 

Bacterium), yeast C. tropicalis (SHF with yeast) and their co-

culture (SHF with Bacterium and Yeast) and simultaneous 

saccharification and fermentation (SSF) started with 2% inocula 

of each microorganism. 

Experiment  24 hrs  48 hrs  72 hrs  96 hrs  

SHF with 

Bacteria  

961.8
A,a 

±67.8 

1019.3
B,a 

±44.6 

982.1
B,a 

±63.9 

705.96
B,a 

 

SHF with 

Yeast  

777.3
A,a 

±34.5
 

857
B,a 

±108 

664
B,a 

±107 

512.2
B,a 

±93.8 

SHF with 

Bacteria and 

Yeast  

765.0
A,ab 

±74.4 

1168.0
B,a 

±30.7 

646.64
B,ab 

±9.22 

460
B,b 

±230 

SSF  3470
A,a 

±1666 

5360
A,a 

±503 

5013
A,a 

±721 

4746
A,a 

±694 

Values represent Mean ± S.E.M. of triplicates / duplicates, unless mentioned 

otherwise. The means were compared by multiple range tests (ANOVA).  Values 

having different superscripts are significantly different from each other. Capital 

alphabetic superscripts indicate comparison within a respective column. Whereas 

small alphabetic superscripts indicate comparison within a respective row.  
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Fig. 41.  Microbial growth, sugars content, ethanol production and 

inhibitors’ accumulation in the enzymatically saccharified 

hydrolyzate of 2% poplar substrate at various hours of 

fermentation by the bacterium Bacillus cereus.  
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Fig. 42.  Microbial growth, sugars content, ethanol production and 

inhibitors’ accumulation in the enzymatically saccharified 

hydrolyzate of 2% poplar substrate at various hours of 

fermentation by the yeast Candida tropicalis. 
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Fig. 43.  Microbial growth, sugars content, ethanol production and 

inhibitors’ accumulation in the enzymatically saccharified 

hydrolyzate of 2% poplar substrate at various hours of 

fermentation by the bacterium Bacillus cereus and the yeast 

Candida tropicalis. 
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Fig. 44. Microbial growth, sugars content, ethanol production and 

inhibitors’ accumulation 2% poplar substrate subjected to 

simultaneous saccharification and fermentation (SSF) by Bacillus 

cereus and Candida tropicalis.  

 

4.8:  Genome sequences of the Microorganisms.  

 After submitting the bacterial as well as yeast genomic sequences to the 

GenBank following accession numbers were obtained.  

 Bacillus cereus  G9241 CP026376 

 Candida tropicalis  MF289181 
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5. DISCUSSION 

 In this study, Bacillus cereus isolated from fish gut showed highest cellulase 

producing potential in submerged fermentation employing the lignocellulosic 

feedstock prepared from poplar’s leaves and twigs. This plant has much potential of 

providing cellulose rich lignocellulosic feedstock for diverse biotechnological 

products and can be cultivated to lands not used for food crops’ productions. For 

instance Gwak et al. (2009) described that yellow poplar (Liriodendron tulipifera) is a 

fast growing tree with high capacity for carbon absorption and represents major 

planting species by the Korean Forest Service to woody biomass. The plant may 

acclimate well to barren soil or highlands. The poplar substrate (leaves and twigs) was 

pretreated with H2SO4 and the acid plus steam, base and base plus steam. The steam 

was provided through autoclaving at 15 psi for 15 minutes. In these treatments 

amount of liberation of phenolic compounds was considered proportional indicative 

of lignin breakdown. Estimation of total and reducing sugars showed hydrolyses of 

cellulose and hemicelluloses. In case of dilute sulphuric acid treatment highest levels 

(mg/ml) of reducing sugars (6.59), total sugars (163.056) and total phenolic 

compounds (57.38) were obtained in experimental run number 6 (0.6%. H2SO4, 15% 

substrate and 6h), 9 (0.8%. H2SO4, 15% substrate 8 h residence time), 14 (0.8%. 

H2SO4, 15% substrate and 4h) respectively. The Fisher’s F-test for the TS, RS and 

TPs were found as 98.44, 14.51 and 27.74, respectively. For TS, RS and TPs R
2
 

(coefficient of determination) values of 83.68%, 93.57% and 98.85% depicted 

accuracy of the model. The corresponding R
2
 values for the thermochemical treatment 

were 96.87%, 85.07% and 91.31%, respectively. Conclusively, as explained by the 

regression equations the proposed model appeared very significant for removal of 

total phenolic compounds in both the treatments. However, the thermochemical 
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treatment resulted higher degradation of hemicelluloses and consequently released 

highest amount of Rs i.e., 17.053 mg/ml with 10% substrate loading soaked for 8 hr in 

at 1% H2SO4 followed by the autoclaving. At 15% substrate loading in 0.6% H2SO4 

treated for 6 hrs total sugars could reach a maximum level of 303.64 mg/ml. Upto 

38.80 mg/ml of total phenolic compounds were liberated at 8% H2SO4 and 4h 

residence time at room temperature. Kundu and Lee (2015) have documented release 

of 2.47g/l of total phenolic compounds following treatment of poplar with 50mM 

oxalic acid.  

Loow et al. (2016) have concluded that dilute acid hydrolysis is one of the 

most promising methods of lignocellulosic biomass pretreatments leading to better 

enzymatic reaction rates with comparatively higher sugar recoveries than other 

pretreatments. However, sulfuric acid pretreatment has several disadvantages 

including corrosion of equipment, handling and difficulty in recovering the acid 

catalyst (Kundu et al., 2016). Accordingly various alternative pretreatments have been 

reported. For example, dicarboxylic acids such as oxalic and maleic have been 

documented for more selective degradation of hemicelluloses than that of sulfuric 

acid (Lee and Jeffries 2011; Lee et al., 2013). Whereas dilute acid and alkaline 

pretreatments differ mainly in terms of their selectiveties towards removing 

hemicellulose and lignin (Loow et al., 2016).  

 Structural analysis of the acid pretreated substrate by Fourier transform infra-

red (FTIR) showed a slight decrease in the peak at 1733 cm
-1

 which corresponds to 

C90 linkage in xylan indicating degradation of hemicelluloses. Most concerned area 

for the present investigation ranged from 1733 to 816 cm
-1

. The band at 1455/1418 

cm
-1

 representing C-H deformation of lignin and carbohydrates was more extended in 

the treated substrate than the untreated. And the absorption peak at 1373 cm
-1

 showed 
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C-H deformation in cellulose and hemicellulose. (Faix, 1991; Pandey and Pitman, 

2003). The peak at 1317.6 cm
-1

 illustrated C-H vibration in cellulose and C-O 

vibration in syringl derivatives; the important components of lignin. The band noted 

at 1231.9cm
-1

 corresponds to syringyl ring and C-O stretching in lignin and xylan. In 

the acid followed by stream treated poplar substrate, the peak at 1157.3cm
-1

 described 

C-O-C vibration in cellulose and hemicellulose. The band at 1028 cm
-1

 denoted C-O 

vibration in cellulose and hemicellulose .  

 X-ray diffraction (XRD) analysis revealed crystallinity indices of untreated, 

H2SO4 treated and  H2SO4 plus steam treated poplar biomass as 36.5%, 51.8% and 

50.0% respectively. Increases in the crystallinity indices showed removal of lignin 

and hemicellulose from the treated biomass (Chen et al., 2012; Martin – Davison et 

al., 2015). Consistency of position of peaks in the untreated and the treated substrates 

demonstrated stability of structure of cellulose. Results of mass balance demonstrated 

maximum degradation of the substrate upto 80% at 0.6%. H2SO4 with 6h of residence 

time at room temperature. For acid plus autoclaved treated poplar biomass maximum 

and minimum degradations of 66.5% and 14.7%, respectively were recorded.  

 The poplar substrate subjected to base pretreatments revealed liberation of 

highest levels of total sugars, reducing sugars and total phenolic compounds with 

respective values of 184.81, 6.50 and 47.73 (mg/ml) following 4h of soaking of 15% 

(w/v) substrate in 3% (w/v) NaOH at room temperature. The Fisher’s F-test values 

following the alkaline pretreatment for TS, RS and TPs were 5.37, 1.77 and 10.8, 

respectively. Whereas in case of alkaline plus steam treatment maximum liberation of 

total sugars reached upto 305.64 mg/ml at 15% substrate loading and 6 hrs soaking 

time in 5% NaOH. Reducing sugars’ highest level (16.55 mg/ml) appeared at 15% 

substrate loading and 6 hrs of soaking in 1% NaOH. For the alkaline thermochemical 
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treatment, highest total phenolic compounds (166.91 mg/ml) were liberated at 15% 

substrate soaked in 3% NaOH for 8 hrs. This proposed model was also found 

significant and Fisher’s F-test values for total sugars, reducing sugars and total 

phenolic compounds were 43.03, 16.68 and 139.12, respectively. It is interesting to 

note that for the total sugars, reducing sugars and total phenolic compounds each 

parameter had highest values at 15% substrate loading. Whereas the TS and RS 

shared 6h of pre-steam soaking time as optimum. For maximum liberation of total 

phenolic compounds 8 hrs soaking time was required. It appears that a given set of 

conditions of a treatment affects the substrate differently. And that a particular set of 

treatment conditions might be optimum for obtaining one or several compounds. In 

the present study both thermochemical treatments enhanced the liberation of sugars. 

Amounts of hydrolyzed total sugars appeared 85.86% and 65.38% higher for the 

autoclaved H2SO4 and NaOH treated substrates, respectively, than the corresponding 

values of room temperature treatments. Likewise, the respective increases for 

reducing sugars were 158.77% and 156.15% for the acid and base treatments, 

respectively. Application of the wet heat decreased and increased the total phenolic 

contents down to 32.38% and upto 249.70% for the acid and base treatments, 

respectively. The conspicuous increase in the liberation of total phenolic compounds 

for the thermoalkaline treatments for the poplar substrate indicates the potential of the 

pretreatment for the breakdown of lignin. Loow et al. (2016) also mentioned that 

dilute acid favours hydrolysis of hemicelluloses whereas alkaline hydrolysis targets 

the lignin fraction.  

 FTIR analysis of the untreated poplar substrate revealed highest peak at 

1026.9 cm
-1

. This peak decreased to 1010.1 cm
-1

 in the NaOH treated substrate. 

Whereas in case of NaOH plus steam treated substrate this peak went down to 1023.2 
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cm
-1

. Intensity of another peak for the untreated poplar substrate at 1610.2 cm
-1

 

increased to 1615.8 for the NaOH plus steam treated substrate. Untreated poplar 

substrate demonstrated also the peaks at 2851.4 and 2920.4 cm
-1

 which reduced in 

intensities to 2849.5 and 2916.6 cm
-1

, respectively in the NaOH treated substrate. In 

case of NaOH plus steam treated poplar substrates the values of these peaks (2849.5 

and 2918.5 cm
-1

) were quite much comparable with the base treated substrate.  

 XRD analysis of untreated poplar substrate showed start of the peaks 

regarding CPS about 13000 which increased to 17000 in the NaOH as well as NaOH 

plus steam treated biomass. Removal of amorphous components such as 

hemicellulose and lignin owing the pretreatment has been described for increasing 

crystallinity index of cellulose (Pandey and Nagi, 2015). Analysis of mass balance 

showed 76% maximum degradation for 5% substrate soaked in 5% NaOH for 6 hrs. 

Whereas minimum degradation recorded for 15% substrate loading was 43.1% at 3% 

NaOH with 8 hrs of residence time. In case of NaOH plus steam treated poplar 

biomass maximum degradation of 90% of 5% substrate soaked in 1% NaOH for 6 hrs 

was obtained. For the base plus heat treated substrate minimum degradation of 58% 

was recorded for 15% substrate soaked in 1% NaOH for 6 hrs.  

 Cellulolytic bacteria are widely distributed in nature to recycle the largest 

reservoir of continuously regenerating plant biomass. The bacterium employed in this 

study had been isolated from gut content of a fresh water fish Labeo rohita captured 

from the river Ravi Lahore. The Bacillus cereus expressed saccharification potential 

for the poplar feedstock. Presence of cellulases yielding bacteria in fish is a 

documented fact. For example, Sreeja et al. (2013) isolated and identified two 

bacteria Bacillus altitudinis APS MSU and Bacillus licheniformis APS2 MSU from 

the gut of Etroplus suratensis which had the potential of cellulolytic activity. Ray et 
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al. (2007) isolated cellulolytic Bacillus subtilis CY5 and Bacillus circulans TP3 from 

gut of common carp. Likewise Kar and Ghosh (2008) studied bacterial community of 

gut of murrel and rohu for cellulolytic and proteolytic potentials.  

 To maximize the cellulase production from the bacterium, nutritional 

components were screened using Placket-Burman design of response surface 

methodology. Zambare and Christopher (2011) optimized production of cellulase 

from Bacillus amyloliquefaciens UNPDV-22 using response surface methodology 

(RSM) and reported that use of RSM increased 70% cellulase activity over the control 

of non-optimized basal medium. Plackett-Burman design experiments showed 

extensive fluctuations in cellulase activity. The fluctuations reflected the usefulness of 

optimization to earn maximum productivity. In the present study, the multiple 

regression of analyzed data showed that three components (yeast extract, MgSO4 and 

peptone) were significant for exoglucanase production. Results for optimization of 

yeast extract, MgSO4 and peptone, were then analyzed by second order polynomial 

regression equation. Maximum cellulase production was observed at concentrations of 

0.5% yeast extract, 0.09% MgSO4 and 0.03% peptone using the poplar biomass as 

carbon source. Sharma et al. (2015) reported 4.94, 4.99, 2.00, 0.53, 0.20 and 0.60g/L 

of peptone, ammonium chloride, yeast extract, Tween-20, calcium chloride and cobalt 

chloride, respectively as significant ingredients for cellulase production following 

submerged fermentation by Bacillus tequilensis S28. Likewise, Ali et al. (2013) 

screened various medium components for submerged cellulase production and 

reported significance of peptone (0.846g/L), yeast extract (2.14g/L), KH2PO4 

(3.05g/L) and MgSO4.7HO4 (0.405g/L). Thakkar and Saraf (2014) while optimizing 

media for cellulase production reported the importance of MgSO4for maximum 

cellulase production by Bacillus amyloliquefaciens MBAA3 through response surface 
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methodology using Cellulomonas fimi NCIM-5015. A previous study also revealed 

yeast extract as best nitrogen source for cellulase production by B. cereus MRLB1 

(Afzal et al., 2012). Peptone and yeast extract had significant effect on cellulase 

production in submerged fermentation using Bacillus subtilis (Li et al., 2008). Lugani 

et al. (2015) have reported peptone as best nitrogen source for cellulase production by 

Bacillus sp. following submerged fermentation. Yeast extract and/or peptone, provide 

full spectrum of amino acids which are used as additional carbon and nitrogen sources 

to promote enzyme production (Ko et al., 2007; Wang et al., 2008; Afzal et al., 2009).  

 Endoglucanase production was high when 0.09% MgSO4 was incorporated 

into the medium, thereafter further increase in its concentration decreased the 

endoglucanase production. The dependencies of endoglucanase production on yeast 

extract increased upto the concentration of 0.5% and further increments of yeast 

extract decreased the production of endoglucanase. Elevated cellulase activities were 

recorded at smaller concentrations of both yeast extract and MgSO4. Similar findings 

for the production of cellulase production by Aeromonas sp. has been reported earlier 

(Majeed et al., 2016). Yeast extract and MgSO4 have been proposed symbolic 

framework for the production of cellulase by Bacillus sp. isolated from the gut of 

Labeo rohita (Khalid et al. 2017). 

 Following the optimization experiments for exoglucanase production by the 

Bacillus cereus, it was found that initial medium pH of 9.0, 2% inoculum size and 37 

ºC incubation temperature were optimum limits suitable for exoglucanase production 

in submerged fermentation. Enzyme production is positively affected by the 

temperature and pH, basal medium components and incubation period (Sarkar and 

Aikat, 2012). Pandey et al. (2001) claimed that yield and output of enzyme production 

can be affected by many factors such as, nature of strain, nature of the substrate, 
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cultural conditions and availability of the nutrients. Another study reported that 

cellulase outputs are dependent upon a very composite relationship which involves a 

variety of variables such as levels of pH, inoculum size and temperature, existence of 

inducers, medium additives, growth time aeration, and so on (Immanuel et al., 2006). 

Bacillus cereus C9 exhibited highest cellulase yield at 30 ºC in submerged 

fermentation (Yopi et al., 2016). Mg et al. (2015) reported that bacteria isolated from 

cow dung and municipal solid waste yielded best production of cellulase at initial pH 

of 6.0 and at 40
o
C. In another study, Singh and Banal (2013) reported initial medium 

pH of 6.5 optimimum for cellulase production by Brevibacillus parabrevis (MTCC 

2208). Other workers reported that initial medium pH of 7.0-7.2 was most favorable 

for cellulase production by Bacillus sp. in submerged fermentation (Rastogi et al., 

2009; Bai et al., 2012; Deka et al., 2013). Shankar and Isaiarasu (2011) documented 

2% inoculum as best for maximum production of cellulase from Bacillus pumilus 

EWBCM1.Whereas, Afzal et al. (2012) reported 4% v/v inoculum size as best for 

maximum production of cellulase by B. cereus MRLB1 in submerged fermentation. 

In fact different bacterial species / strains do have varying growth conditions and 

productivities optima. Therefore it is mendatory for every investigator to work out 

best physicohemical environment for a given microbial strain for extracting the 

product efficiently.  

In the present study, B. Cereus was employed for saccharification of the 

poplar feedstock. The indigenously produced exoglucanase and the commercial 

cellulase revealed maximum release of total sugar upto 31.42 mg/ml and 41.18 mg/ml 

of after 6h of incubation at 50
o
C using raw poplar biomass, respectively. Maximum 

reducing sugars produced by the commercial and the indigenous cellulase were 

3.85mg/ml and 2.30 mg/ml, respectively after 6h of incubation at 50
o
C. Percent 
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hydrolysis values for commercial and indigenous cellulases were 19.25% and 

11.50%, respectively. In this whole experiment of saccharification, chemically 

untreated, but autocalved, poplar biomass gave better results as compared to the 

pretreated substrates. The low saccharification rate from pretreated biomass might be 

due to the production of some inhibitory compounds which might had restricted the 

enzymes’ action. It has been established that there must be a good balance between 

formation of inhibitors and substrate digestibility for overall efficiency of 

prereatement (Palmqvist and Hahn-Hägerdal, 2000; Klinke et al., 2004; Parawira and 

Tekere 2011). The present results showed that the indigenous cellulase gave 

promising results suggesting for its potential utilization in biological saccharification 

process. 

 In the present study best cellulolytic saccharification of the steam treated 

poplar substrate than the chemically as well as thermochemically treated biomass 

appears promising in term of process economics. Zabed et al. (2017) have concluded 

that need of expensive and, in most cases, high energy consuming pretreatments for 

lignocellulosic biomass is a major hurdle in its usage on large scale. Workers have 

considered pretreatment as one of the main economic costs for obtaining potential 

fermentable sugars (Chandel et al., 2007; Luo et al., 2009). Likewise, Loow et al. 

(2016) have documented that although cellulose ethanol is close to commercialization 

but inadequate knowledge of lignocellulosic structure and dearth of data on 

pretreatment effects are the main limiting factors hampering these processes to be 

realized at industrial scale. The drawbacks of chemical treatment include inhibitors 

and by-products generation, corrosiveness high cost of reagent and potential 

environmental and safety issues. Therefore any low cost and abundantly abailable 

cellulosic feedstock which requires minimal pretreatment, such as wet heat, will be 
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very promising for scalable lignoethanol productions. In fact, steam – explosion has 

been considered one of the most effective pretreatments, characterized by low use of 

chemicals and low energy consumption (Excoffier et al., 1991; Heitz et al., 1991; De 

Bari et al., 2002). Cantarella et al. (2004) concluded that steam – exploision of poplar 

wood is a definitive effective method for improving the enzymatic saccharification of 

cellulose content of the biomass. Chen and Fu (2016) postulated following four points 

to make the lignocellulosic bioethanol production sustainable:  

1. Selective – fractionation technology using steam explosion pretreatment as the 

core technology  

2. Synergistic enzymatic hydrolysis system  

3. Industrial fermenting yeast strains  

4. Pre-hydrolysis and simultaneous saccharification and co-fermentation  

Another appealing way to bypass expensive chemical pretreatment methods for 

lignocellulosic feedstock is the use of biocatalytic potential of bacterial enzymes. For 

instance, Singh et al. (2017) have documented a small laccase from Amycolatopsis sp. 

75 iv 3 capable of delignifying of woody biomass. Incubation of steam pretreated 

poplar with the laccase enhanced the release of acid – precipitable polymeric lignin by 

several folds and reduced the amount of acid-soluble lignin by ~ 15%. The bacterial 

laccase was found to act synergistically with a commercial cellulase cocktail 

increasing glucose production from the steam pretreated poplar about 8%. These 

authors have concluded that although the boosting effect of the laccase was modest as 

compared to fungal laccase but further optimization and studies of other bacterial 

ligninases will hasten the development of bacterial catalysts for efficient biomass 

deconstruction and lignin valorization.  
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Another possible explanation for lesser yields of monomeric sugars following the 

cellulolytic saccharification of chemically treated poplar substrates than the only 

steam treated substrate might be the higher crystallinity index of the chemically 

treated biomass. As for example the H2SO4 and H2SO4 plus steam treated poplar 

biomass attained crystallinity indices of 51.8% and 50.0%, respectively in contrast to 

the steam treated substrate which had 36.5% crystallinity index. It is well known that 

rigid structure of biomass with its cellulose crystallinity make the lignocellulosic 

substrates highly resistant for conversion to fermentable sugars (Yang et al., 2013; 

Imman et al., 2014). Kundu et al. (2016) have elaborated that crystalline cellulose is 

highly resistant to enzymatic and microbial degradation. Whereas several 

pretreatment conditions lead to the formation of inhibitors such as furan derivatives, 

weak acids and phenolic compounds. It appears that the higher crystallinity indices of 

the chemically and thermochemically treated poplar biomass in this study together 

with possibly higher levels of inhibitors might had lowered the bacterial cellulase 

efficiency, whereas the crude enzyme extract saccharified well the steam treated 

poplar substrate. Conclusively owing to the present result and the documented earlier 

reports steam explosion can be declared best, simple and economically feasible 

pretreatment strategy for poplar biomass feedstock to be prepared for subsequent 

microbial/enzymatic saccharification and fermentation processes.  

The best cellulase efficiency of the bacterium in un-treated poplar feedstock was 

employed for SHF as well as SSF processes. The latter fermentation was attempted to 

have insight for the possibility of developing consolidated bioprocess to obtain 

bioethanol from the feedstock. The chemically pre-treated biomass (for which the 

bacterial cellulase yielded less sugars as compared to the untreated feedstock) was, 

however not attempted for the ethanol fermentations in this study. The enzymatic 
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saccharification of 2% poplar substrate yielded glucose and xylose upto 6.742 and 

8.561 mg/ml, respectively. Incubation of the hydrolyzate with 2% inoculum of the 

same bacterium (SHF + Bacterium) resulted into 51.65% and 77.8% reductions of 

glucose and xylose, respectively at 24 hrs. The glucose content did not reduce at 

subsequent study points rather it increased upto 32.73% at 96 hrs post-incubation. 

Whereas, excepting the initial decrease at 24 hrs stage, the xylose contents remained 

more or less consistent for rest of the study points. It appears that the enzymatic 

hydrolyzate of the substrate possibly contained cellulooligosaccharides such as 

cellobiose. The plant biomass hydrolyzates are known to contain 

cellulooligosaccharides. For instance Katahira et al. (2005) have reported that wood 

chip hydrolyzate prepared by a modified concentrated sulfuric acid hydrolysis method 

contained upto 10.2 g/L celluloligosaccharides in addition to varying amounts of 

different monosaccharides. In the present study subsequent bacterial (cellulolytic) 

growth might had saccharified the cellulooligosaccharides into glucose and besides 

conversion to cell biomass and ethanol its amount increased at end of the experiment 

compared to the level measured at 24 hrs stage.  

 The initial (within 24 hrs) 77.88% reduction in the xylose content of the 

hydrolyzate indicated the pentose sugar utilization potential of the B. cereus. But 

when growth of this bacterium attained the level which secreted sufficient amount of 

cellulase which in turn yielded glucose from cellulooligosaccharides. Thereafter the 

bacteria preferred glucose and did not utilize xylose. The cellulooligosaccharides 

based explanation of glucose increase and non-utilization of xylose excepting the first 

study point by the bacterium was further supported by the yeast fermentation of the 

hydrolyzate in which case the glucose content reduced upto 98% at 72 hrs stage to 

complete consumption at end of the experiment. As the yeast did not express 
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cellulolytic potential and the cellulooligosaccharides were accordingly not 

saccharified, but the glucose of the hydrolyzate got consumed totally. In case of co-

culturing of the yeast with bacterium the glucose content could fluctuate only from 

4070 ±17.2 to 5472 ±1053 mg/L throughout the study period. This indicated 

continuous bacterial cellulolytic activity and consumption of the glucose by both the 

microbes either did not allow or reduced the phenomenon of the enzyme inhibition. 

Again for the co-fermentation experiments the xylose contents remained more or less 

consistent throughout the study period. In case of simultaneous saccharification and 

fermentation the glucose content appeared as 1568 ±226 and 1529 ±182 mg/L at 24 

and 48 hrs post-incubation, respectively. Thereafter at third and fourth sampling 

points the monosaccharide decreased down to 63.43% and 55.53%, respectively as 

compared to the glucose content measured at 24 hrs post-incubation.  

In the present study ethanol productions ranged from 58.26 to 80.52 ±24.2, 

71.51 ±15.2 to 633.91 ±159, 173.2 ±5.63 to 501.4 ±46.7 and 60.6 ±13.5 to 140.43 

±44.8 mg/L for the SHF with Bacteria, SHF with Yeasts, SHF with Bacteria and 

Yeast and SSF experiments, respectively. Tran et al. (2013) employed Bacillus sp. 

THLA0409 as a dominant cellulose-degrading bacterium and klebsiella oxytoca 

THLC0409 as a dominant sugar utilizing bacterium to develop a single-step process 

for converting lignocelluloses to ethanol. These authors also reported comparable 

ethanol productions. The K. oxytoca THLC0409 produced ethanol in the range of 

424-475 mg/L from alpha cellulose + xylan, purified bamboo + xylan, raw bamboo, 

Napiergrass and rice straw. Whereas the Bacillus sp. THLA0409 could yield ethanol 

in the range of 243 to 306 mg/L. Co-culturing of these bacteria produced ethanol in 

the range of 732-1309 mg/L. However, relatively low ethanol yields in the present 

study as compared to the ones reported by other workers might be due to low (2%) 
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substrate employment. For example, Zhang et al. (2015) have documented an ethanol 

titer of 41g/L employing approximately 20 wt% of sulfite pretreated poplar without 

detoxification with a low cellulase loading of 15 FPU/g glucan. In the present study 

no inhibitors detoxification attempt was made as well as the experiments employed 

the bacterial cellulase(s) instead of commercial enzymes. For these reasons low 

concentration of the substrate was employed. The low product yield may prove 

economical into account while bypassing the steps of detoxification and saving the 

environment from the associated pollutants’ generation. However, the processes needs 

further optimization including the substrate loading and retention time.  

When the saccharified poplar syrup was co-fermented employing the 

bacterium as well as yeast, the ethanol production increased upto 523% at 24 hrs post-

incubation as compared to the corresponding sampling point of the bacterially 

fermented hydrolyzate. However, highest ethanol production upto 634 ±159 mg/L 

was obtained when the hydrolyzate was fermented by the yeast monoculture. It is to 

be noted that highest ethanol in all the four categories of the fermentations were 

obtained at 24 hrs post-incubation. Drastic decreases in the ethanol contents of the cell 

free culture fluids at all the subsequent fermentation periods were possibly the 

outcomes of product inhibition, evaporation effects and the poor performance of the 

fermenting cells following longer exposure to the inhibitory compounds.  

 The simultaneous saccharification and fermentation (SSF) experiments could 

yield ethanol upto 140.43 ±44.8 mg/L at first sampling point and the production was 

74.40% higher but 77.85 and 72.02% lower than the corresponding ethanol 

productions in case of SHF with Bacteria, SHF with Yeast and SHF co-fermented by 

the bacterium and the yeast.  
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 In separate hydrolysis and fermentation (SHF) pretreated feedstock biomass is 

first saccharied and then the monosaccharides rich syrup is subjected to ethanol 

fermentation usually by employing Saccharomyces cerevisae. This process is well 

practiced and has the advantage of practicing differential optima for the steps of 

saccharification and fermentation. On the other hand the process of simultaneous 

saccharification and fermentation implies the bioconversion of monosaccharides to 

ethanol soon after their liberation from the polysaccharide feedstock. The SSF can 

yield higher levels of the product by reducing the inhibition of cellulases by 

concomitant consumption of soluble sugars and not allowing their concentrations to 

attain the threshold level of inhibition. This benefit can accommodate the 

compromised optima for the process of saccharification and fermentations. For 

example S. cerevisae required 32
o
C for best fermentation yield whereas the cellulases 

may need 50
o
C incubation temperature for optimum saccharification (Hgren et al., 

2007; Menon and Rao, 2012). To compromise the mismatch between the optimal 

temperature of yeast fermentation and the emzymatic saccharification the SSF is 

commonly conducted at lower temperature which results into poor hydrolysis of the 

substrate (Hasunum and Kondo, 2012). Application of thermoduric ethanologenic 

microbial strains are expected to improve the efficiency of SSF process (Lin and 

Tanaka, 2006). Dahnum et al. (2015) have reported yield of ethanol from empty fruit 

bunch following 72 hrs of SHF as 4.74% whereas following 24 hrs of SSF it increased 

to 6.05%.  

Better performance of SSF over SHF has been established by several workers. 

SHF is a tow-stage process for which separate optimal operating conditions of each 

step may by maintained with minimal interaction between hydrolysis and 

fermentation. End product inhibition and likelihood of contamination may decrease 
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ethanol yield (Sarkar et al., 2012). Whereas SSF in which the processes of hydrolysis 

and fermentation are combined to reduce product inhibition to enzymes as well as 

chances of contamination (Olofsson et al., 2008). However, formation of substances 

inhibitory to the lignocellulose hydrolyzing and the sugars fermenting 

microorganisms can not be ruled out during the SSF process.  

 In the present study HMF content of the bacterially fermented poplar substrate 

hydrolyzate fluctuated between 232 to 659.3 ±17.2 µg/L. Whereas for the co-

fermented hydrolyzate the HMF ranged from 381.67 ±2.19 to 709 ±16.7 µg/L. For 

both the above cited cases the lowest values appeared at end of the experimental 

period. However, when the hydrolyzate was fermented by the yeast only the HMF 

measured 351.3 ±48.6 µg/L but only at first sampling point. Thereafter the inhibitory 

compound became un-detectable. As more or less consistent values of glucose were 

observed for both the bacterial (mono) as well as co-cultured fermentations 

throughout the study period. Similar pattern of HMF indicated the continual of 

saccharification activity of the bacterium together with the generation of HMF. 

Whereas in case of yeast fermented broth the HMF did not appear after the first 

sampling point. The yeast cells probably detoxified the HMF before the next sampling 

point (48 hrs). Recently, Yee et al. (2018) have documented that biological 

detoxification of the inhibitors can use enzymes or whole cells. It was interesting to 

note HMF did not appear upto 48 hrs of the SSF. Later on at the 3
rd

 and 4
th

 sampling 

points the inhibitory compound approached only 260.3 ±25.8 and 243 ±8.66 µg/L 

levels, respectively. As the highest ethanol production was recorded at 24 hrs post-

incubation, it appears that SSF can be accomplished following the batch fermentation 

well before the generation of HMF. However, the acetic acid contents of the SSF 

fluids appeared several folds higher than the three categories of SHF throughout the 



146 
 

 

study periods. And in contrast to the case of HMF, the acetic acid became vivid right 

from the first sampling point in all the fermentations. For the SHF with Bacteria, SHF 

with Yeast and the co-fermentaiton experiments the acetic acid contents ranged from 

705.96 to 1019.33 ±44.6, 512.24 ±93.8 to 777.3 ±34.5 and 646.64 ±9.22 to 1168.011 

±30.7 mg/L. In all the experiments acetic acid, in general, decreased with progression 

of fermentation period and became non-detectable at 96 hrs of bacterial separate 

hydrolysis and fermentation.  

 Lowest (80.5 mg/L) and lower (140.4 mg/L) ethanol productions for the 

bacterial SHF and SSF might be due to the inhibitory effect of acetic acid being faced 

by and still growing bacterial and yeast cells and the bacterial cells alone, 

respectively. It is well known that being highly acetylated poplar woods’ cell walls 

yield high concentration of acetic acid following pretreatment which inhibit processes 

of bacterial as well as yeast fermentations (Klinke et al., 2004; Tian et al., 2011; Gille 

and Pauly, 2012). Inhibitors’ detoxification, removal or application of inhibitors’ 

tolerant cellulolytic and/or ethanologenic microbes will improve ethanol yields from 

the lignocellulosic un-exhausible feedstocks. The genomic sequences of the 

microorganisms employed in the present study i.e., Bacillus cereus and the Candida 

tropicalis are available at public database of GenBank for molecular level comparison 

and bioinformatic based insight for exploring their further biotechnological potentials 

under diverse conditions.  

A variety of compounds which are formed during pre-treatement and 

hydrolysis process are inhibitory to subsequent fermentation (Palmqvist et al., 

1999; Liu et al., 2009, a, b). Any detoxification strategy to detoxify / remove 

inhibitors will obviously increase price of the product. Therefore search and 

application of inhibitors tolerant fermenting microorganisms would decrease total 



147 
 

 

cost. And in case of SSF the inhibitory compounds may also prove detrimental to 

the saccharifying microbes too. Therefore to develop consolidated bioprocess in 

addition to their efficient cellulolytic and / or ethanologenic nature; the 

microorganisms must also be screened for tolerating the inhibitory molecules.  

In case of SHF with Bacterial fermentations, the cellulase (bacterial) 

hydrolyzed substrate was fermented with the same bacterium; the ethanol yield 

turned out to be 77.85% and 72.02% lesser than the yields obtained when the 

hydrolyzate was fermented with only yeast and co-fermented by the yeast and the 

bacterium , respectively. But these even less productivities seem important for 

developing consolidated bioprocessing (CBP). Jouzani and Taherzadeh (2015) 

have documented that a CBP process would utilize a single substrate and product 

– tolerant microorganism(s) that perform both hydrolysis and fermentation 

process at the same time in one pot. A CBP microorganism should not only 

concurrently hydrolyze lignocellulosic biomass and consume streams of sugars 

but be capable of fermentation of biofuel with metabolic pathways leading to 

minimal byproduct formation. These authors have reviewed different strategies 

employing native as well as genetically engineered microorganisms for CBP. 

Wether a native or a recombinant cellulolytic as well as ethanologenic microbe is 

employed, high performance under industrial condition is of main importance. 

Enhanced tolerance of microorganisms to toxic compounds and final product(s) is 

also necessary for developing CBP. Jouzani and Taherzadeh (2015) concluded 

that huge amounts of research describing different aspects of CBP signal a bright 

future for commercial production of biofuels from lignocellulosic feedstock. 

Achieving near-optimal conditions within a single bioreactor for the steps of 

saccharification and fermentation is a major remaining challenge for CBP 
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development. In short remaining barriers must be focused by researchers to 

achieve successful commercialization of next-generation lignocellulosic ethanol 

technology.  

 Different researches focusing different aspects of lignoethanol 

technology are being conducted all over the world to improve the process 

economy. For instance, Ishova et al. (2013) have introduced ―Simultaneous 

Saccharification Filtration and Fermentation (SSFF)‖ in which pretreated 

lignocellulosic slurry is enzymatically saccharified in one reactor and the sugar 

rich suspension is continuously pumped through a cross-flow membrane to the 

fermentation chamber. Fermented liquid is pumped back into the first (hydrolysis) 

vessel. They have reported an ethanol yield of 85% of theroatical yield and 

successful reutilization of the flocculant strain of S. cerevisae upto 5 cultivations. 

The SSFF has been claimed advantageous to SHF as well as SSF as in case of 

SSFF problem of enzyme inhibition can be avoided and the hydrolytic enzymes 

and fermenting organisms can be allowed to work at their different optimal 

conditions. Reuse of fermenting organism for several times will also add to 

economy as the molecules’ supply for synthesis of biomass would be available for 

ethanol fermentation. Zabed et al. (2017) concluded that ethanol tolerance limit of 

yeast cells, osmatic stress on the cells by high substrate concentration, acidity of 

the broth with the progression of fermentation and bacterial contamination during 

the process of fermentation are important issues with need to be addressed for 

improved fermentation efficiency.  

 Sterilization of feedstock and the saccharification and fermentation 

systems and then continuous efforts needed to protect these systems from 

contamination put big burden on the economy of lignoethanol technology. One of 
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the solutions is application of extremophilic / especially thermophilic cellulolytic 

and/or ethanologenic microorganisms which can accomplish the lignoethanol 

fermentations in non-aseptic environment.  

 Prehistoric ethanol fermentations essentially developed in non-aseptic 

environments. Due to unexpected outcomes of such fermentations and lack of quality 

control they are not practiced now. Development of the science of microbiology, the 

concepts of sterilization of the substrate, monocultured fermentations and aseptic 

procedural details enabled to produce product of quality and according to the ones 

expectation. However, practicing of the microbiological sterilization and mono-septic 

fermentations are expensive if they are desired to be practiced at large scale 

fermenters for bioethanol refineries. Here the importance of extremophilic bacteria / 

microorganisms capable of performing saccharification of lignocellulosic substrate 

and ethanol fermentations in open non-aseptic reactors seems very much promising. 

The physico-chemical conditions of the material to be saccharified / fermented with 

the application of extremophilic bacteria which may work in extreme conditions of 

pH and temperature etc., would not allow the mesophilic contaminants to divert the 

process direction. Moreover development of consolidated processing (CBP) units 

employing thermophiles will lead to the target of feasible lignoethanol biorefineries. 

For instance Svetlitchnyi et al. (2013) applied CBP approach for producing ethanol 

from poplar wood by inoculating cellulolytic/xylanolytic strain Caldicellulosiruptor 

sp. DIB 004C and fermenting thermophilic ethanologenic / xylanolytic strain 

Thermoanaerobacter DIB 097X in monocultures and dual co-cultures. No additional 

cellulolytic enzymes were used by these workers. Their CBP approach which 

employed the bacterial co-cultures at above 70
o
C resulted into efficient conversion of 

C6 – and C5- sugars from pretreated lignocellulosic material into ethanol upto 
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34.8mM.  In this regard Qazi (2013) documented that nature made extremophiles 

earlier to represent life on the primitive barren earth but kept them aside preservably. 

Biotechnological exploration of such microbes to reduce pollution, costs of 

production and burdens on the various renewable and nonrenewable resources is need 

of the day. It has been recommended that specific industries be located to those areas 

suitable for providing the conditions to the extremophile of choice without or with 

less expense. It appears that screening and preservation of extremophiles capable of 

bioconverting lignocellulosic substrates into biofuels must be focused on priority 

bases for developing economically viable second generation biofuel productions. 

 In addition to the search and development of efficient cellulolytic and 

ethanologenic microorganisms, establishing economic viability of 2
nd

 generation 

biofuels also needs elaborative research at other levels of the process i.e., from 

feedstocks through purpose built designing bioreactors to the possibilities of fruitful 

utilization of the fermentation co-products. For example it has been established that 

lignin lessens approachability of cellulases to cellulose. Lignin not only absorbs 

proteins but tend to bond and precipitate with proteinase in aquous solution. Through 

its ability of resisting cellulases’ activities, lignin reduces the hydrolysis yields 

(Kawamato et al., 1992; Lu et al., 2002; Wyman et al., 2005; Yang and Wyman, 

2006). Responding to the negative impact of lignin on the cellulase mediated 

saccharification of lingo-cellulosic feedstocks different workers have reported various 

delignification strategies. Following removal of lignin, fibrils of microcellulose get 

well separated from each other and become more exposed to the cellulases (Yang and 

Wyman, 2006; Jeoh et al., 2007). Tian et al. (2017) have elaborated the importance of 

tailoring an efficient two-stage pretreatment capable of pre-extracting the more labile 

hemicelluloses part and then cellulose-rich residual material is subjected to a second-
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stage delignification process. Their results showed application of higher steam 

temperature of 190
o
C over a shorter residence time of 10min effectively solubilized 

75% of the hemicelluloses from poplar wood chips. This first stage treatment also 

enhanced the ability of deep eutectic solvent, ethanol organosolv and 

soda/anthraquinone to extract lignin at second stage. Consequently cellulose-rich 

substrates obtained after the second stage organosolv and soda/ anthraquinone 

pretreatments showed highest cellulose accessibility. It is pertinent here to stress that 

very complex structure of lignocellulosic substrates be not dealt by single parameter 

as indicator of its effective pretreatments. As Tian et al. (2017) have concluded that 

second stage pretreatments varied in terms of solubilizing and extracting the lignin 

component of steam pre-treated poplar and enhancing the enzymatic hydrolysis of 

resulting cellulose-rich residual factors. The deep eutectic solvent extraction proved 

more selective in extracting ligning. Whereas the organosolv and soda/anthraquinone 

pretreatments disrupted the cellulose to a greater extent and therefore enhanced the 

ease of enzymatic hydrolysis. Their results clearly dictated that ultimate yields of 

monomeric sugars be considered determinative parameter for optimizing 

lignocellulosic pretreatments. In addition generation and accumulation of inhibitors 

compounds should also be kept within focus. (Tian et al., 2017).  

 Besides the negative correlation between lignic content and yields of sugars 

from enzymatic hydrolysis of lignocellulosic biomass non-specific adsorption of 

enzymes on lignin has been associated with its source and structure (Chen and Dixon, 

2007). Phenolic hydroxyl groups of lignin have been shown to affect enzymatic 

hydrolysis of cellulose. Accordingly another strategy to overcome lignin recalcitrance 

is selective blocking of these functional gourps (Pan, 2008). As it has been 

documented above that adsorption enzymes on lignin depends on its source and 
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structure. It will be very interesting to screen plant biomass from different species 

having similar lignin content for the amount of specific cellulase adsorption and total 

yield of saccharification. Such gross level studies may indicate the structural 

differences of lignin contents of different plant species. Further extensive studies 

might then explore particular category of lignin with least resistance to cellulolytic 

activities of cellulases. Such identified plants then specifically be encouraged for 

cultivation for sustainable supply of low lignin harbouring lignocellulolytic feedstock 

to future biorefineries. Fessica et al. (2015) have concluded that raw material with 

lower lignin content can be processed by employing less severe pre-treatment 

conditions without reducing yields of enzymatic hydrolysis. These authors have 

reported that best results for bioethanol production for hybrid poplar following steam 

explosion at 220
o
C with cellulose recovery of 63% and enzymatic hydrolysis yield of 

79% was obtained for the hybrid poplar H-34 which had the lowest lignin content. 

These documented information signal for detail survey of lignin content of forest and 

other lignocellulolytic biowastes. Such practices are likely to reach at identification of 

low lignin containing lignocellulosic biomass of choice, especially in a country like 

Pakistan which is bestowed with abundant diversity. Efforts in this regard should also 

be extended for different parts of the same plant obtained during different seasons and 

from diverse localities. Identification of sustainable supplies of low-cost low lignin 

harbouring lignocellulolysic feedstocks may contribute a major share towards the 

development of feasible lignoethanol biorefineries.  

 Bioreactors or fermentation vessels are the containments which provide 

optimum physic-chemical conditions for bioconversion processes governed by 

enzymatic reactions. The enzyme may be provided in pure/crude forms or the 

microorganisms producing the enzymes can be recruited directly. In the present study 
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the enzymatic saccharification as well as ethanol fermentations were carried out in 

simple one or two steps batch systems. However, several studies have reported 

fermentors of varying configurations and capacities for bioconversion of different 

dedicated energy crops and residual lignocellulosic feedstocks to ethanol. For 

example, Brethauer et al. (2014) have a documented batch system for acid-pretreated 

corn stover SSF. The enzymatic saccharification of the feedstock was fermented at 

38
o
C by employing Saccharomyces cerevisae D5A strain. The corn slurry was 

pumped to a fermentor with air bubbles to avoid the accumulation of solid in the tube. 

An ethanol yield of 70% with productivity value of 0.18 g L
-1

h
-1

 was recroded by 

these workhers for the batch mode SSF. They have also reorted continuous 

simultaneous saccharification and fermentation (cSSF) of the acid-pretreated corn 

stover employing a 3-stage continuous stirred tank reactor and found an ethanol 

productivity of 0.24 gL
-1

h
-1

 at the ethanol yield of 70%. Brethauer et al. (2014) further 

observed maximum ethanol productivity of 0.4g/L
-1

h
-1

 at 8h of residence time in 

single cSSF vessel. The productivity decreased when the number of vessels was 

increased keeping the residence time constant. Han et al. (2014) employed a 

continuous twin-screw extrunder for the pretreatment of lignocellulosic biomass and 

developed SSF reactor for producing high concentration of bioethanol from 

Miscanthus. The biomass was fed to the pre-treatment reactor at a rate of 18 g min
-1

 

and with pretreatment solution at 90 ml min
-1

. Alkaline pretreatment was performed at 

95
o
C and 80rpm. Then liquid portion was separated for reuse to reduce the cost of 

pretreatment process. The pretreated biomass was subjected to SSF. These authors 

have documented ethanol yield and productivity of 89.5% and 1.4gL
-1

h
-1

 at optimized 

pretreatment process coupled to a fed-batch approach.  
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 Lin and Lee (2011) have reported rotary drum reactor as another strategy to 

omprove homogenization of pretreated lignocellulosic biomass during SSF. They 

obtained 76.2% of theoretical ethanol yield when the ractor was rotated at 5rpm for 

one min at 0, 24, 48 and 72 h. Liguori et al. (2016) reviewed different bioreactors 

reported for conversion of fermentable sugars to value added products and concluded 

that optimization of parameter slike high solid loadings, particle size, enzymes 

recycling, speed, volume and substrate activity etc improve the sugar released and 

concentration of ethanol produced. High substrate loading can arrive at several 

economic and operative advantages including reduction of reactor size, decrease in 

the sugars loss and generation of wastes and owing to high product concentration 

easier downstream processing. The above referred studies clearly indicate the 

importance of specifically designed bioreactors for given feedstock(s) in economizing 

the lignobiofuels production. Indeed this area of development needs inputs from 

scientists of different disciplines including fermentation technology and biochemical 

and biomechanical engineering. It is hoped that progress in the bioreactors would 

contribute a major share in the scalable development of lignobiofuels.  

 Economy of the lignobiofuels can also be improved by exploiting the 

saccharification/fermentation co-products. In fact, sustainable biotechnological 

developments focus on by-products’ useful utilization and ideally should lead to no 

further waste accumulation. Production of biofuels from lignocellulosic feedstocks 

basically mobilize the polysaccharides component and then ferment the 

monosaccharides. Whereas during the pretreatments and hydrolyses steps a large 

number of molecules, other than sugars, also become available in the bioreactors. 

Some of them have been identified as inhibitors to the processes of cellulases 

medicated saccharification and fermenting microorganisms. Many detoxification 



155 
 

 

strategies have been reported for detoxification and / or removal of inhibitory 

compounds. Several of the inhibitory molecules and their detoxification processes 

have already been referred in this discussion. It is important to note that separation of 

such molecules from the bioreactors will improve efficiencies of the enzymatic 

saccharification and biofuel fermentations steps on one hand, whereas on the other 

hand the separated molecules / residues will be available for other purposes. For 

instance, Taherzadeh and Karimi (2007) discussed that main by-product of ethanol 

production process from lignocellulosic materials is lignin. Granda and Holtzapple 

(2008) while describing the MIxAlco fermentation suggested that if undigested 

residue i.e., the lignin is used in gasification to provide hydrogen to make the alcohols 

then most of the nergy present in biomass will end up in the product. Hashem and 

Darwish (2010) have detected several by-products associated with ethanol production 

by S. cerevisiae y-646 from pretreated potato starch residue. They described that of 

the co-products 3-octanol and 2-methyl-1-propanol could also be sued as fuels in 

addition to ethanol. Regarding the incentive for feed industry of residual biomass 

from ligno-biofuel production process Qazi et al. (2011) have commented that the 

fermented lignocellulosic residue will likely find its application to supplement animal 

feed with single cell protein. Likewise cell mass of hydrogen producing purple non-

sulfur bacteria may be used as good alternate of fish feed of agricultural supplement 

because of its richness in proteins and vitamins. Recently Chen and Fu (2016) have 

reviewed that besides the development of strategies for bioconversion of 

lignocellulosic biomass, its various components should be efficiently converted into 

not only ethanol and but to other value-added co-products such as lignin plastic 

composite material and compressed natural gas.  
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 The present study reports effects of chemical, thermochemical and steam 

pretreatment of poplar feedstock for subsequent bacterial/cellulolytic saccharification 

and ethanol fermentation. The results brought hope for simple all microbiological 

based processes which may yield sustainable supplies of 2
nd

 generation bioethanol in 

an ecofriendly way. Aditiya et al. (2016) also have concluded that 2
nd

 generation 

bioethanol appears quite encouraging solution to solve energy as well as the 

environmental crisis. Its various possible routes of production and various existing 

production technologies endorse more development to obtain better efficient 

production and lesser national emission. These authors further commented that due to 

low production cost 2
nd

 generation bioethanol is beneficial from the prospective of 

industry. Practically the feedstock derived from agricultural and forestry wastes have 

zero value for the industry as well as for the food. However, there is much more room 

to be worked out at local level to develop confidence of both scientists as well as the 

industrial for ensuring sustainable supplies of lignocellulosic bioethanol. For example 

different varieties of biomass providing species be worked out for their lignin content. 

As there exists a strong negative correlation between sugar released by enzymatic 

hydrolysis and the lignin content of the feedstock (Chen and Dixon, 2007). Martin – 

Davison et al. (2015) also reported highest enzymatic yield upto 79% for hybrid 

poplar H-34 which had lowest lignin content. Moreover, composition of 

lignocelluloses may vary from place to place and over time, therefore it is necessary 

to develop efficient processes and to utilize efficient microbes capable of handling 

effective bioconversion of different kinds of biomass (Balat et al., 2009; Rumbold et 

al., 2010; Favaro et al., 2013; Parisutham et al., 2014; Ragauskas et al., 2014). 

Regarding the importance of microorganisms, Balt (2011) concluded that 

lignocelluloses hydrolyzed by acid treatment contain not only glucose but also various 
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other monosaccharides such as xylose mannose, fructose, galactose and arabinose and 

aligosaccharides. Microorganism(s) capable of fermenting all such sugars are required 

for successful industrial production of bioethanol.  

 From above referred information it become evident that future research must 

focus on characterization of various plants species, agroindustrial and vegetable and 

fruit wastes in terms of their lignn contents and search simple low cost pretreatments 

for maximum liberation of monomeric sugars and minimal bioavailability of 

inhibitors molecules. Likewise there is urgent need of isolation, development and 

preservation of microorganisms resistant to various inhibitors and the endproducts 

whilst yielding efficiently cellulolytic and fermentation products. Saini et al. (2015) 

have reported that to render bioethanol yields commercially viable the ideal 

microorganism should be capable of utilizing broad range of substrates, with 

productivity and must also possess high tolerance to temperature, inhibitors in the 

hydrolysate and the final product (ethanol). Therefore there is need that documented 

microbes should be tested for their efficiency on substrates other than reported ones. 

Such detailed information together with recent developments in fermentation science 

such as simultaneous saccharification, filtration and fermentation for lignocellulosic 

ethanol production (Ishola et al., 2013) are likely to transfer the laboratory level 

finding at commercial scale to provide sustainable bioethanol supplies.  
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CONCLUSION 

 Lignocellulosic plant biomass is the largest renewable feedstock for 2
nd

 

generation biofuel productions. Designing effective pretreatment strategies for 

removing the lignin content and rendering the cellulosic residues available for 

enzymatic attack is pivotal to the subsequent process. Degradation of lignin, however, 

liberates different categories of molecules which are known inhibitors of bacterial 

cellulases as well as to the activities of ethanologenic microbes. The inhibitors 

resistant cellulolytic and / or ethanologenic microorganisms appear promising for the 

development of sustainable 2
nd

 generation bioethanol fermentations. The present 

study reports the possibility of utilizing poplar parings as low-cost lignocellulosic 

feedstock for bioethanol fermentation. Alkaline, acid, high pH under steam and low 

pH under steam pretreatments of the feedstock have been compared. The steam 

pretreated substrate was found best for the growth as well as cellulolytic activity of 

the bacterium. The mild pretreatment would prove cost effective as well as 

environmental friendly. A consolidated bioprocess in which the cellulolytic bacterium 

Bacillus cereus and the ethanologenic yeast Candida tropicalis were co-cultured in 

single chamber bioreactor is reported. Separate saccharification and fermentation 

yielded better upto 634mg/L ethanol production. Whereas in case of simultaneous 

saccharification and fermentation process, the low ethanol yield is to be improved by 

concomittant product recovery and application of more robust microbes. Other 

feedstocks might be tested employing the microorganisms reported here for widening 

their application.  
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Appendix – I 

3.2. Preparation of Solutions and Reagents 

3.2.1Preparation of H2SO4 solutions: 

Thrr concentrations (0.6%, 0.8% and 1%) of H2SO4 solutions were prepared using 

98% H2SO4 in laboratory. For 0.6% solution, 0.6 ml of 98% H2SO4 was dissolved in      

distilled water. After mixing thoroughly distilled water was again added making total 

volume of solution as 100ml. Similarly, 0.8 and 1% H2SO4 were prepared likewise. 

3.2.2Preparation of NaOH solutions: 

 Three concentrations (0.6%, 0.8% and 1.0%) of NaOH were prepared using 

NaOH crystals. For 0.6% solution, 0.6 g NaOH was dissolved in 10 ml distilled water. 

After mixing thoroughly distilled water was again added making total volume of 

solution as 100 ml. Similarly, 0.8 and 1% NaOH solution were prepared likewise. 

3.2.3 Preparation of Phenol Solution: 

 The 5% phenol solution was prepared by dissolving 5g of phenol in 10 ml of 

distilled water. After mixing thoroughly distilled water was again added making total 

volume of solution as 100 ml.  

3.2.4 Preparation of Folin-Ciocalteau reagent: 

Folin-Ciocalteau solution was prepared by dissolving liquid Folin’s reagent in 

distilled water in 1:10. Twenty millilitre Folin’s reagent was dissolved in 200 ml of 

distilled water in a reagent bottle. 

3.2.5 Preparation of Na2CO3 solution: 

For the preparation of 7.5% Na2CO3, 7.5g Na2CO3 was dissolved in 10 ml of distilled 

water. After mixing thoroughly distilled water was again added making total volume 

of solution as 100 ml. 
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3.2.6 Preparation of Glucose Standard Solution: 

To prepared 1% glucose standard solution, dissolved 0.1g of glucose in 1 ml of 

distilled water and then more distilled water was again added making total volume of 

solution up to 10 ml.  

3.2.7 Preparation of Vaniline Standard Solution: 

To prepared 1% vaniline standard solution, dissolved 0.1g of vaniline in 1 ml of 

distilled water and then more distilled water was again added making total volume of 

solution up to 10 ml.  

3.2.8 0.05M Citrate Buffer pH 5.0 

The citrate Buffer consist of two components: (a) 0.05M Citric acid (0.96g of citric 

acid was dissolved in 100 ml of distilled water) (b) 0.05M Trisodium Citrate (1.47g of 

trisodium citrate was dissolved in 100 ml of distilled water). The 0.05 M citrate buffer 

was prepared after mixing 0.05M citric acid (20.5 ml) and 0.05M trisodium citrate 

(29.5ml) in a conical flask. 

3.2.9 1% Carboxy methyl cellulose (CMC) solution 

The CMC solution was prepared by dissolving 1g of CMC powder up to 100 ml of 

0.05 M citrate buffer (pH 5). The flask was then put on magnetic stirred hot plate at 

60 ºC because CMC powder does not dissolve in buffer without heating and stirring. 

The flask was covered with aluminum foil to prevent evaporation.  

3.2.10 DNS solution 

The DNS solution was prepared using solution 1 and 2. Solution 1: 45g sodium 

potassium tartrate was dissolved in 75 mL of H2O. Solution 2: 1.5 g DNS reagent was 

dissolved in 30 mL of 2 M NaOH. After thoroughly mixing solution 1 and 2, make up 

the total volume up to 150ml with distilled water. 
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3.13Standard Curves  

3.13.1 Glucose Standard Curve by DNS method 

Procedure 

1. Different concentrations of glucose such as 20, 40, 60, 80 and 100µg/ml 

solutions were prepared for the determination of reducing sugars (glucose) as 

described in earlier section. 

2. A graph was plotted between absorbance and concentration to obtain linear 

curve (Fig.1). From this curve standard factor (concentration per unit 

absorbance) was calculated (Table 1). 

Table 1.  Absorbance values of known concentrations of glucose at 540 nmand 

estimation of avg. standard factor 

 

Sr. No Concentration 

(µg/ml) 

OD at 540nm Standard Factor 

1 20 0.146 136.9863 

2 40 0.35 114.2857 

3 60 0.508 118.1102 

4 80 0.66 121.2121 

5 100 0.84 119.0476 

Average Standard Factor 121.9284 

 
Fig. 1. Standard curve for glucose at 540nm. 
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3.13.2 Glucose Standard Curve by Phenol Sulphuric acid method 

Procedure 

1. Different concentrations of glucose such as 20, 40, 60, 80 and 100 µg/ml 

solutions were prepared for the determination of total sugars as described in 

earlier section. 

2. A graph was plotted between absorbance and concentration to obtain linear 

curve (Fig. 2). From this curve standard factor (concentration per unit 

absorbance) was calculated (Table 2). 

 

Table 2. Absorbance values of known concentrations of glucose at 490 nmand 

estimation of average standard factor 

Sr. No Concentration 

(µg/ml) 

OD at 490 nm Standard Factor 

1 20 0.178 112.3596 

2 40 0.378 105.8201 

3 60 0.558 107.5269 

4 80 0.76 105.2632 

5 100 0.94 106.383 

Average Standard Factor 107.4705 
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Fig. 6.  Standard curve for glucose at 490nm.  

 

3.13.4     Glucose Standard Curve by CMCase method 

Procedure 

1. Different concentrations of glucose such as 10, 20, 30, 40 and 50 µM/ml 

solutions were prepared for the determination of CMCase activity as described 

in earlier section 3.9.2. 

2. A graph was plotted between absorbance and concentration to obtain linear 

curve (Fig. 4). From this curve standard factor (concentration per unit 

absorbance) was calculated (Table4). 

Table 4. Absorbance values of known concentrations of glucose at 540 nm and 

estimation of average standard factor 

Sr. no. Conc. 

(µM/ml) 

Absorbance at 

540nm 

Standard 

Factor 

1 10 0.21 47.61905 

2 20 0.42 47.61905 

3 30 0.6 50.00 

4 40 0.81 49.38272 

5 50 0.98 51.02041 

 Average Standard factor 49.1282 

y = 0.0095x - 0.0043 
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Fig. 7. Standard curve of glucose at 540nm for CMCase activity. 

 

3.15 Statistical Analysis 

Statistical analysis was done by using computer based software SPSS.  
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