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Abstract Low strength sodium hydroxide pre-treated rice

straw was hydrolysed at two different solid loadings i.e. 10

and 15 % (w/v) with in-house cellulases (IC) produced by

Aspergillus terreus along with commercial cellulases (CC)

by using batch and fed batch hybrid simultaneous saccha-

rification and fermentation process. Optimization of pro-

cess parameters enhanced the crude cellulase activities i.e.

filter paper, b-glucosidase and endoglucanase by 1.6, 2.7

and 2.2 fold in 6 days as compared to activities obtained on

a single substrate i.e. rice straw. Out of four fed batch

approaches, approach III (A-III) at 10 % solid loading

yielded higher ethanol concentrations of 30.55 and 28.66 g

L-1 by using thermo tolerant in-house yeast strain Kluy-

veromyces marxianus at 42 �C. Combination of 9 FPU g-1

substrate and CC plus 30 CBU of commercial b-glucosi-
dase (Cb) yielded slightly higher theoretical ethanol yields

of 92.24 % as compared to 86.54 % obtained from IC?Cb.
Dunnett’s Post Hoc Annova test also proved that CC?Cb
were found to be significant in batch as well fed batch

experiments as compared to other combinations tried.

Thus, fed batch A-III seems to be an optimistic one to

overcome the problems associated with batch mode to

achieve higher ethanol yields.
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Introduction

Lignocellulosic biomass has been found to be a potential

feed-stock for novel 2G biofuel i.e. cellulosic ethanol. It

can be produced using a wide variety of lignocellulosic

crop residues. Large quantities of this valuable resource are

being currently burnt in the fields with a significant envi-

ronmental impact in the region. Cellulases are considered

to be an important industrial enzyme due to its higher

quantity of contribution in the global enzyme market [1, 2].

The increase in the demand of cellulases in the ever rising

biofuel industry resulted in the larger scale production of

cellulase enzyme by most economical and effective ways.

Cellulase production can be enhanced by using biomass

with low lignin content. Recent review of literature

revealed that sugarcane bagasse (SB) and wheat bran (WB)

are used as the efficient growth substrate for fungal strain

due to the advantages like high porosity, presence of

growth nutrients, particle size suitability and uniformity

required for fungal growth and ease of extraction of cel-

lulase enzymes. The substrate surface remains movable in

humid conditions, which increase the surface area for

fungal growth and water retention capacity [3].

Fermentation of lower concentration of sugar obtained

during enzymatic hydrolysis yields low concentrations of

ethanol, which is one of the limitations in cellulosic ethanol

technology. High solid loads of pre-treated biomass during

enzymatic hydrolysis results in higher concentration of

ethanol, but it makes the process most difficult in mixing

and heat transfer [4, 5]. There are several modifications of

cellulose ethanol technology have been reported to

improve the process and to eliminate the problems.

Simultaneous saccharification and fermentation (SSF) is

one process which combines both biomass hydrolysis and

glucose fermentation in a single reactor, which reduces the
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investment cost as well as the conversion of biomass to

ethanol compared to separate hydrolysis and fermentation.

At the same time the problems associated with SSF can be

reduced by integration of pre-hydrolysis step [6, 7]. Our

earlier reports on pre-hydrolysis and fermentation with IC

and CC at 42 �C for 72 h were found to be superior over

SSF and separate hydrolysis and fermentation, while, few

researchers did not find any improvement [8, 9]. There are

many other factors which effects the process efficiency i.e.

length of pre-hydrolysis period, solid load, enzyme load-

ing, type of pre-treatment method, toxic compounds asso-

ciated with it, sensitivity of yeast strain towards toxic

compounds etc. Fed-batch mode can be adopted to carry

out the hydrolysis to solve these problems by gradual

increase in enzyme and/or biomass to maintain the desired

level of viscosity [10].

Considering the above advantages, the present study was

majorly focused on two main important aspects: (i) pro-

duction of cellulases by in-house fungal strain Aspergillus

terreus using mixed substrates (WB and SB) (ii) evaluation

of batch and hybrid fed batch SSF of rice straw pre-treated

with mild alkali by employing different substrate and

enzyme approaches using in-house thermotolerant yeast

strain Kluyveromyces marxianus J1.

Materials and Methods

Microorganism and Substrates for Fungal Growth

The fungal strain Aspergillus terreus-D34 (GenBank

Accession Number: KF971363, NCBI) used in the present

study for bulk crude cellulase production was isolated from

a decayed rice straw.11 Two cheap and abundantly avail-

able wastes i.e. WB and SB were collected from a local

market and nearby sugar factory, Anand, Gujarat (388

001), India, respectively. The substrates were washed to

remove the dirt, sun dried and preserved in air tight bags.

Analytical grade chemicals, reagents and media were used

in the current experiments.

Large Scale Enzyme Production and Extraction

WB and SB were used as solid support material for crude

cellulase production under solid state fermentation by

Aspergillus terreus. A total 250 g of different proportions

of WB and SB namely 20:80; 35:65; 50:50; 65:35 were

loaded in each of the tray. Modified Mandels and Weber

medium was used as a wetting agent as reported earlier

[11]. Substrate to moisture ratio and inoculum size tried

were 1:4, 1:5 and 1:6 and 1, 2, 3 and 4 % (v/v), respec-

tively. The contents were autoclaved for 15 min at 121 �C

and the trays were exposed to ultra violet light individu-

ally for 1 h. Mycelial growth of 2 days old grown fungal

strain was inoculated into potato dextrose broth and

incubated at 45 �C in an orbital shaker at 150 rpm for

48 h and used as inoculum. The trays were placed in a

temperature controlled humidity chamber for 6 days at

45 �C with relative moisture of 75 %. The total capacity

of the chamber was 20.8 cu m and having a provision to

accommodate 40 trays each of 25 9 15 9 21 cm size.

Crude cellulases were extracted by adding 1500 mL of

0.05 M sodium acetate buffer (pH 4.8) to each of the tray

and the contents were squeezed using a double layered

muslin cloth. The cellulases were pre-clarified by cen-

trifugation at 10000 9 g for 10 min at 4 �C. The pre-

clarified crude cellulases were kept at 4 �C till they used

for enzymatic hydrolysis studies.

Pre-treatment of Rice Straw by Sodium Hydroxide

Rice straw was chopped to 2–3 cm size, passed through

5-mm mesh in a hammer mill (Finex, India) and used for

mild alkali pre-treatment (0.5 % NaOH at room tempera-

ture for 24 h) as described earlier [11]. The chemically pre-

treated solid biomass was washed with tap water till the pH

reached to neutral and used for batch and fed batch hybrid

SSF studies.

Cellulase Enzyme Source and Yeast Strain

Crude cellulases used for batch and fed batch hybrid SSF

contained filter paper activity (FPA) (1.14 ± 0.37 U

mL-1), b-glucosidase (14.6 ± 0.45 U mL-1), endoglu-

canase (28.90 ± 0.33 U mL-1), xylanase (163.4 ± 0.49 U

mL-1), respectively and were produced as mentioned in

above section. Commercial enzymes were procured from

Sigma Aldrich (Celluloclast 1.5 L -25 FPU mL-1;

Novozyme 188-266 CBU mL-1). The yeast strains used in

the present study was a thermotolerant in-house strain

Kluyveromyces marxianus J1 (GenBank Accession Num-

ber: KP231175) grows at 42 �C as describer earlier [5].

Fermentation was carried out without adding any extra

inorganic salt and organic nutrients to the medium.

Yeast Inoculum Preparation

The Kluyveromyces marxianus J1 inoculum was prepared

in a fermentation broth having (g-1); glucose, 30.0; yeast

extract, 3.0; peptone, 5.0; (NH4)2HPO4, 0.25 at pH

6.0 ± 0.2 for 12 h at 42 ± 2 �C [5]. Each of the experi-

mental flasks was inoculated with 12 h grown aseptically

collected and centrifuged seed culture of Kluyveromyces

marxianus J1 at the rate 1 % (v/v).
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Batch and Fed Batch Hybrid SSF Process

Batch and fed batch SSF studies were done with 10 and

15 % solids loading using the combination of CC?Cb and

IC?Cb at 50 �C in 75 mL polypropylene centrifuge bottles

(Tarson Make). The enzyme load was chosen (9 FPU g-1

substrate) based on the earlier results [5, 11]. Likewise, b-
glucosidase addition was also decided based on the findings

achieved in the laboratory. Initial results indicated that

addition of 30 CBU of b-glucosidase gave maximum

ethanol yield with CC as well IC preparation (data not

shown). Therefore, 30 CBU of b-glucosidase g-1 substrate

was added to the samples containing CC and IC, respec-

tively. Total system volume was 20 mL (Citrate buffer, pH

4.8). The contents of the bottles were placed in a rotary

shaker and pre-hydrolysis was carried at 50 �C at 16 rpm

and fermentation was performed with Kluyveromyces

marxianus J1 at 42 �C. In fed batch experiments, four

different approaches were employed to start the enzymatic

hydrolysis studies. The solid loading was kept constant

whereas the enzyme loadings were varied in all the four

approaches. In batch hydrolysis, the solid biomass was fed

at the beginning of hydrolysis and the final solid loading

was similar to that of fed batch method. Other conditions

were kept constant.

The details of the four substrate approaches were as

follows: In the beginning of experiment, the enzymatic

hydrolysis studies were started with 5 % (1.0 g) solid

loadings, gradually increased the solid loading to reach the

final solid loadings of 10 % with the addition of 2.5 %

(0.50 g) of fresh pre-treated solid biomass at regular

intervals with a gap of 12–24 h. As in case of 15 % solid

loading, the enzymatic hydrolysis studies were started with

5 % (1.0 g) solid loadings as it was done in 10 % solid

loading, gradually increased the solid loading to reach the

final solid loadings of 15 % with the addition of 3.3 %

(0.66 g) of fresh pre-treated solid biomass at regular

intervals with a gap of 12–36 h.

The details of the four enzyme approaches were as

follows: In A-I, addition of cellulase enzyme mixture was

done at the start of the experiment in both the solid load-

ings. In A-II, 25 % of the total cellulase enzyme mixture

was added at the start up and the rest 75 % was added

along with substrate with a gap of 12, 24 and 36 h in case

of 10 and 15 % solid loadings, respectively. In A-III, 35 %

of the total cellulase enzyme mixture was added at the start

up and the rest 65 % was added along with substrates as

mentioned above. In A-IV, cellulase enzyme loadings were

added at a proportionate to the solid biomass loadings with

a gap of 12, 24 and 36 h in case of 10 and 15 % solid

loadings, respectively (Fig. 1).

Pre-hydrolysis was continued for another 12 h i.e. till 36

and 48 h for 10 and 15 % solid loadings, respectively for

better conversion of cellulosic biomass. Later newly iso-

lated yeast strain Kluyveromyces marxianus J1 was added

under sterile conditions and fermentation was carried out at

42 �C till 108 h. Sampling was done at different time

points for estimating total reducing sugars as described

earlier [5].

Statistical Analysis

Repeated measures analysis for the data obtained in the

present study was carried out by Dunnett’s Post Hoc

Annova test using Statistical Package for the Social Sci-

ences (SPSS) software, version 19.0.

Analysis

The activities of total celluase (FPA), endoglucanase, b-
glucosidase and xylanase were measured as described

earlier [11]. One unit of enzyme activity was defined as the

amount of enzyme required to liberate 1 lmol of glucose,

p-nitrophenol and xylose per min under the standard assay

conditions [9]. Chemical composition of untreated and pre-

treated rice straw for cellulose, hemicellulose and lignin

content was done as described by Goering and Vansoest

[12]. The samples were removed at regular intervals and

analysed for cellobiose, glucose, xylose, acetic acid, glyc-

erol and ethanol on Aminex-HPX-87H column (Biorad,

Hercules, USA, CA) using High Performance Liquid

Chromatography. The column temperature was maintained

at 65 �C and the samples were eluted using 5 mM H2SO4

with the flow rate of 0.6 mL min-1. All the estimations

were performed in duplicates. Error bars presented were

standard deviation of duplicate experiments. Ethanol yields

were calculated as described earlier [5].

% theoretical yield ¼ EtOHtð Þ � EtOHoð Þ
0:51� f biomassð Þ � 1:11ð Þ � 100

where (EtOHt) = Concentration of ethanol at time t;

(EtOHo) = Initial ethanol concentration; f = , Glucan

fraction of dry biomass; Biomass = dry mass concentra-

tion; 1.11 = Conversion factor for glucan to glucose.

Results and Discussion

Large Scale Enzyme Production

Low value substrates such as WB and SB were used for the

production of enzymes in large scale under solid state

fermentation by Aspergillus terreus. The maximum pro-

duction was achieved at 35:65 ratios of WB and SB on 5th
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Fig. 1 Schematic of batch and fed batch SSF feed and enzyme approaches employed for 10 and 15 % solid loading with CC and IC at different

time intervals
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day at 45 �C, pH 5.5, substrate to moisture ratio 1:4 and

inoculum size 2 % (v/v). Under these optimum conditions

the in-house fungal strain produced higher b-glucosidase
(120.6 U g-1) and endoglucanase (243.1 U g-1), respec-

tively (Table 1) as compared to the activities reported by us

earlier and but at the same time the FP activity remained

alike when the same fungal strain was cultivated on single

substrate i.e. rice straw [11]. The cellulase activities

obtained by researchers are comparable with the current

study. The enzyme activities were higher by Aspergillus

fumigatus during the growth on mixed substrate containing

equal parts of WB and rice straw [13, 14]. Combination of

growth substrates with two equal parts of WB and kinnow

peel and one part of corn bran using Aspergillus niger

under solid state fermentation yielded in higher cellulase

activity of 10.81 U g-1 [14]. Increase in FP 1.29 U mL-1

and b-glucosidase 41 U mL-1 were also obtained with the

combination of wheat bran and avicel in 7 L stirred tank

bioreactor by Penicillium oxalicum [15]. Higher cellulase

activities in these substrate mixtures may be because the

texture of these substrate mixtures remains free/movable

even in humid condition providing increased water reten-

tion capacity, sufficient nutrients and higher surface area

[10].

One of the most important process parameter for solid

state fermentation in cellulase production is the moisture

content [16]. Moisture content plays a vital role on the

production of cellulase as it was observed with an increase

in the activity of enzymes directly related with the increase

in moisture content during solid state fermentation. In the

present study maximum activities achieved at substrate to

moisture of 1:5 has been given in Table 2. The main dis-

advantages of higher moisture content than the optimum

level results in low porous substrate, sticky surface with

change in structure of the particles, increased aerial

mycelia and reduced oxygen transfer [17]. High water

stress in the substrate due to lower moisture content

reduces the fungal growth and subsequently it affects the

cellulase production [18].

Another important process parameter in solid state

fermentation is inoculum preparation. Among the differ-

ent methods available for inoculum preparation, the

commonly used methods reported in literature were spore

suspension, mycelia disc and mycelial suspension [19].

Researchers mostly preferred mycelia suspension as the

best one for preparation of inoculum in cellulase enzyme

production under solid state fermentation process as it has

the advantage over spore suspension by eliminating the

lag phase. Results from current work are similar to the

work reported earlier [20, 21]. According to Pandey [22]

the fungal growth during solid state fermentation can be

influenced by inoculum size and thereby the enzyme

production efficacy. In the present study maximum cel-

lulase enzyme activities were found when the inoculum

size was 3 % (v/v) (Table 3). The increase in inoculum

size above the optimum level results in reduced cellulase

Table 1 Cellulase activities of

Aspergillus terreus on different

proportions WB and SB

(Substrate to moisture ratio—

1:4, inoculum size—2 %,

incubation period—5 days,

temperature 45 �C)

Enzyme activities (Ug-1) WB ? SB

20:80 35:65 50:50 65:35

FP activity 9.20 ± 0.30 9.90 ± 0.44 10.60 ± 0.33 8.70 ± 0.35

b-glucosidase 109.60 ± 0.38 120.60 ± 0.22 118.60 ± 0.39 126.40 ± 0.20

Endoglucanase 198.70 ± 0.23 243.10 ± 0.31 223.80 ± 0.47 235.40 ± 0.33

Table 2 Cellulase activities of

Aspergillus terreus at different

substrate to moisture ratios (WB

to SB ratio—35:65, Inoculum

size—2 %, incubation period—

5 days, temperature 45 �C)

Enzyme activities (Ug-1) Substrate to moisture ratio

1:3 1:4 1:5 1:6

FP activity 8.20 ± 0.43 9.90 ± 0.44 10.20 ± 0.49 8.90 ± 0.28

b-glucosidase 98.40 ± 0.48 120.60 ± 0.22 138.20 ± 0.37 139.80 ± 0.39

Endoglucanase 185.80 ± 0.45 243.10 ± 0.31 261.40 ± 0.44 291.20 ± 0.31

Table 3 Cellulase activities of

Aspergillus terreus at different

inoculum ratios (WB to SB

ratio- 35:65, substrate to

moisture—1:5, incubation

period- 5 days, temperature

45 �C)

Enzyme activities (Ug-1-) Inoculum size (%)

1 2 3 4

FP activity 9.20 ± 0.46 10.20 ± 0.49 11.40 ± 0.37 9.70 ± 0.33

b-glucosidase 121.60 ± 0.35 138.20 ± 0.37 141.60 ± 0.45 131.80 ± 0.45

Endoglucanase 249.00 ± 0.42 261.40 ± 0.44 289.00 ± 0.33 271.20 ± 0.30

Xylanase 1361.00 ± 0.35 1552.00 ± 0.39 1634.00 ± 0.49 1526.00 ± 0.40
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a

b

Fig. 2 a Comparison of batch

with fed batch SSF (A-III) at

10 % solid loading with CC and

IC at different time intervals.

Values of means of duplicate

experiments. Errors presented

here were standard deviation of

duplicate experiments,

b Comparison of batch with fed

batch SSF (A-I) at 10 % solid

loading with CC and IC at

different time intervals. Values

of means of duplicate

experiments. Errors presented

here were standard deviation of

duplicate experiments

Table 4 The yield of ethanol and by products from batch and fed batch hybrid SSF at 10 % solid loading by Kluyveromyces marxianus at 108 h

Type of

fermentation and

enzyme source

Maximum ethanol

concentration

(g L-1)

Maximum

theoretical ethanol

yield (%)

Maximum acetic acid

concentration

(g L-1)

Maximum glycerol

concentration

(g L-1)

Xylose

(g L-1)

Cellobiose

(g L-1)

Glucose

(g L-1)

Batch (10 %)

CC?Cb
24.41 73.72 0.27 0.92 14.08 4.99 8.00

Batch (10 %)

IC?Cb
18.81 56.81 0.20 0.86 14.95 3.55 8.68

Fed batch

(10 %)-CC?Cb
30.55 92.24 0.22 1.02 14.10 3.93 3.35

Fed batch

(10 %)-

IC ? Cb

28.66 86.54 0.28 1.10 14.22 3.98 5.79

CC?Cb: 9 FPU g-1 substrate of commercial cellulases ? 30 CBU of commercial b-glucosidase

IC?Cb: 9 FPU g-1 substrate of in-house cellulases ? 30 CBU of commercial b-glucosidase

1094 Waste Biomass Valor (2017) 8:1089–1103

123



activities which might be due to the non-availability of

required sugar and oxygen transfer time and release of

enzymes. It has also been reported that initially an

increase in lag phase and moisture content in small and

large inoculum size were observed, respectively to a large

extent [23]. The presence of free additional liquid results

in the reduction of fungal growth and correspondingly the

production of enzymes due to the reduced diffusion forced

by the solid biomass [11]. In order to yield enhanced

enzyme productivity, an optimized inoculum size and

moisture contents are essential.

Cellulases accounts for about 40 % of the total cost of

bioethanol production from lignocellulosic biomass. As

there is a demand for cost effective enzyme technology in-

house produced crude enzyme is far economical than the

commercial enzymes. At the same time large scale

cellulase enzyme production also demands robust cellulase

producing microorganisms with a good blend of cellu-

lolytic/hemicellulolytic enzyme mixtures for better cellu-

losic biomass conversion. Therefore, presence of xylanase

(1634 U g-1) in the in-house crude cellulase enzyme

preparation is an important finding which might ensure the

conversion of hemicelluloses fraction available in biomass

into xylose sugars.

Compositional Analysis of Mild Alkali Pre-treated

Rice Straw

The compositional analysis shows that before pre-treat-

ment the rice straw had cellulose, hemicellulose, lignin,

moisture and ash content of 41.02 ± 1.45 %;

28.47 ± 1.91 %; 8.40 ± 1.12 %; 7.04 ± 1.21 %; and

a

b

Fig. 3 a Comparison of batch

with fed batch SSF (A-II) at

10 % solid loading with CC and

IC at different time intervals.

Values of means of duplicate

experiments. Errors presented

here were standard deviation of

duplicate experiments,

b Comparison of batch with fed

batch SSF (A-IV) at 10 % solid

loading with CC and IC at

different time intervals. Values

of means of duplicate

experiments. Errors presented

here were standard deviation of

duplicate experiments
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15.13 – 1.15 %, respectively. Pre-treated rice straw had

58.50 ± 1.38 % cellulose; 22.91 ± 1.96 % hemicellulose

and 3.40 ± 1.19 % lignin, respectively. The results

revealed that in the present study, after pre-treatment the

cellulose content was increased by 48.95 %, reduction in

the lignin by 59.5 % and solid residue recovery was 65 to

67 %. Even though lignin resists degradation of lignocel-

lulosic biomass it is not obligatory to eliminate all lignin to

accomplish maximum enzymatic hydrolysis. Lignin

removal around 20–65 % is assumed to be satisfactory to

increase the availability of the cellulose to enzyme [24].

This is vital because efforts to remove additional lignin

could end up losing more of carbohydrate and the release

of inhibitory compounds eventually hamper the hydrolysis

process [25].

Batch and Hybrid Fed Batch SSF at 10 % Solid

Loading

In the present investigation, fed batch mode significantly

improved the ethanol yield instead of batch mode. In all

the four approaches of SSF fed batch mode, the enzyme

feeding approach had an influence on the ethanol yield.

Out of the four approaches, A- III i.e. addition of right

amount of the enzyme mix together with the substrate feed,

seems to be beneficial as compared to adding the enzyme

at the beginning of experiment (A-I) or by differing the

enzyme loading (A- II and IV). In A- III, after 84 h fer-

mentation, glucose concentration decreased to less than

5.79 and 3.35 g L-1, and ethanol concentration increased

to 30.55 and 28.66 g L-1 (Corresponding glucose to

ethanol yield were 92.24 and 86.54 %) from CC?Cb and

IC?Cb, respectively (Fig. 2a; Table 4). The possible rea-

son for higher ethanol yields in fed batch mode (A-III)

could be because of the addition of substrate and enzyme

in a well ordered manner that might have eased the free

flow of the reaction mixture inside the vessel with proper

mixing and improved mass transfer rate, which induced the

quick conversion of cellulose to glucose for ethanol pro-

duction. The other reason could be that the viscosity

reduction in the fermentation broth during pre-hydrolysis

with the production of glucose which helps in the growth

of yeast cells [26]. The current outcomes are in agreement

with others findings that fed batch approach (A- III) has

revealed maximum fermentation rate and attained higher

ethanol concentration as compared to batch approach [1].

Whereas fed batch SSF A-I, II and IV produced maxi-

mum ethanol of 26.18, 24.99; 24.96, 18.91; 24.97,

21.02 g L-1 (Corresponding glucose to ethanol yield were

79.06, 75.47; 75.38, 57.11; 75.41, 63.48 %) from CC?Cb
and IC?Cb, respectively (Figs. 2b, 3a, b).

While the present results have also shown that the

ethanol yields from SSF fed batch A- II and IV wereT
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comparable with batch mode when the CC?Cb were used.

Maximum ethanol concentration of 24.41, 24.96; 24.41,

24.97 g L-1 (Corresponding glucose to ethanol yield were

73.72, 75.38;73.72, 75.41 %) were achieved after 84 h of

incubation period at 10 % solid loading in batch mode and

fed batch SSF A- II and IV, respectively (Figs. 2b, 3b). The

Table 6 Multiple comparisons

of batch and fed batch SSF with

CC and IC and within groups

(I) Combination (J) Combination Mean difference (I-J) SE Significance

CC?Cb AI IC?Cb AI 1.6000 0.14020 0.129

CC?Cb AII 2.5733 0.14621 0.056

IC?Cb AII 6.9733(*) 0.14761 0.013

CC?Cb AIII 23.7117(*) 0.16971 0.016

IC?Cb AIII -1.7417 0.16767 0.066

CC?Cb AIV 1.1167 0.19576 0.175

IC?Cb AIV 4.3400(*) 0.14907 0.023

B CC?Cb 2.9433 0.26585 0.081

B IC?Cb 7.2300(*) 0.24875 0.014

CC?Cb AII CC?Cb AI -2.5733 0.14621 0.056

IC?Cb AI -0.9733(*) 0.07401 0.046

IC?Cb AII 4.4000(*) 0.08724 0.003

CC?Cb AIII 26.2850(*) 0.12093 0.007

IC?Cb AIII 24.3150(*) 0.11805 0.012

CC?Cb AIV -1.4567 0.15538 0.140

IC?Cb AIV 1.7667(*) 0.08969 0.017

B CC?Cb 0.3700 0.23770 0.878

B IC?Cb 4.6567 0.21840 0.067

CC?Cb AIII CC?Cb AI 3.7117(*) 0.16971 0.016

IC?Cb AI 5.3117(*) 0.11359 0.017

CC?Cb AII 6.2850(*) 0.12093 0.007

IC?Cb AII 10.6850(*) 0.12262 0.003

IC?Cb AIII 1.9700(*) 0.14615 0.034

CC?Cb AIV 4.8283(*) 0.17768 0.012

IC?Cb AIV 8.0517(*) 0.12438 0.004

B CC?Cb 6.6550(*) 0.25283 0.031

B IC?Cb 10.9417(*) 0.23479 0.012

CC?Cb AIV CC?Cb AI -1.1167 0.19576 0.175

IC?Cb AI 0.4833 0.14974 0.526

CC?Cb AII 1.4567 0.15538 0.140

IC?Cb AII 5.8567(*) 0.15670 0.020

CC?Cb AIII -4.8283(*) 0.17768 0.012

IC?Cb AIII 22.8583(*) 0.17573 0.032

IC?Cb AIV 3.2233(*) 0.15808 0.044

B CC?Cb 1.8267 0.27101 0.164

B IC?Cb 6.1133(*) 0.25425 0.017

B CC?Cb CC?Cb AI -2.9433 0.26585 0.081

IC?Cb AI -1.3433 0.23405 0.315

CC?Cb AII -0.3700 0.23770 0.878

IC?Cb AII 4.0300 0.23856 0.089

CC?Cb AIII 26.6550(*) 0.25283 0.031

IC?Cb AIII -4.6850 0.25147 0.053

CC?Cb AIV -1.8267 0.27101 0.164

IC?Cb AIV 1.3967 0.23947 0.289

B IC?Cb 4.2867(*) 0.31145 0.033

Based on the observed means (* The mean difference is significant at the 0.5 level)
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current results of SSF fed batch A-II and IV are well in

agreement with the studies reported that conducting SSF in

fed batch mode has shown no significant difference in

ethanol yields from batch mode [1, 27]. Thus substrate/

enzyme adding approach is very crucial to achieve higher

ethanol yields in fed batch mode.

Table 7 Multiple comparisons

of batch and fed batch SSF IC

and CC and within groups

(I) Combination (J) Combination Mean difference (I-J) SE Significance

IC?Cb AI CC?Cb AI -1.6000 0.14020 0.129

CC?Cb AII .9733(*) 0.07401 0.046

IC?Cb AII 5.3733(*) 0.07674 0.003

CC?Cb AIII 25.3117(*) 0.11359 0.017

IC?Cb AIII 23.3417(*) 0.11052 0.029

CC?Cb AIV -0.4833 0.14974 0.526

IC?Cb AIV 2.7400(*) 0.07951 0.010

B CC?Cb 1.3433 0.23405 0.315

B IC?Cb 5.6300 0.21442 0.062

IC?Cb AII CC?Cb AI -6.9733(*) 0.14761 0.013

IC?Cb AI -5.3733(*) 0.07674 0.003

CC?Cb AII -4.4000(*) 0.08724 0.003

CC?Cb AIII 210.6850(*) 0.12262 0.003

IC?Cb AIII 28.7150(*) 0.11978 0.003

CC?Cb AIV -5.8567(*) 0.15670 0.020

IC?Cb AIV -2.6333(*) 0.09195 0.008

B CC?Cb -4.0300 0.23856 0.089

B IC?Cb 0.2567 0.21934 0.959

IC?Cb AIII CC?Cb AI 1.7417 0.16767 0.066

IC?Cb AI 3.3417(*) 0.11052 0.029

CC?Cb AII 4.3150(*) 0.11805 0.012

IC?Cb AII 8.7150(*) 0.11978 0.003

CC?Cb AIII 21.9700(*) 0.14615 0.034

CC?Cb AIV 2.8583(*) 0.17573 0.032

IC?Cb AIV 6.0817(*) 0.12158 0.005

B CC?Cb 4.6850 0.25147 0.053

B IC?Cb 8.9717(*) 0.23332 0.017

IC?Cb AIV CC?Cb AI -4.3400(*) 0.14907 0.023

IC?Cb AI -2.7400(*) 0.07951 0.010

CC?Cb AII -1.7667(*) 0.08969 0.017

IC?Cb AII 2.6333(*) 0.09195 0.008

CC?Cb AIII 28.0517(*) 0.12438 0.004

IC?Cb AIII 26.0817(*) 0.12158 0.005

CC?Cb AIV -3.2233(*) 0.15808 0.044

B CC?Cb -1.3967 0.23947 0.289

B IC?Cb 2.8900 0.22033 0.111

B IC?Cb CC?Cb AI -7.2300(*) 0.24875 0.014

IC?Cb AI -5.6300 0.21442 0.062

CC?Cb AII -4.6567 0.21840 0.067

IC?Cb AII -0.2567 0.21934 0.959

CC?Cb AIII 210.9417(*) 0.23479 0.012

IC?Cb AIII 28.9717(*) 0.23332 0.017

CC?Cb AIV -6.1133(*) 0.25425 0.017

IC?Cb AIV -2.8900 0.22033 0.111

B CC?Cb -4.2867(*) 0.31145 0.033

Based on the observed means (* The mean difference is significant at the 0.5 level)
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Batch and Fed Batch Hybrid SSF at 15 % Solid

Loading

At 15 % solid loading higher ethanol concentrations were

achieved with batch and fed batch compared to 10 % solid

loading, but the conversion efficiencies were found to be

low as compared to 10 % solid loading. After 84 h fer-

mentation, fed batch SSF A-I, II, III and IV produced

maximum ethanol of 28.90, 26.71; 27.95, 25.12; 34.75,

30.78; 28.19, 24.64 g L-1 (Corresponding glucose to

ethanol yield were 58.18, 53.77; 56.27, 50.57; 69.96,

61.96; 56.75, 49.60 %) from CC?Cb and IC?Cb,
respectively (Table 5). CC?Cb produced slightly higher

ethanol yields as compared IC?Cb in batch as well fed

batch SSF processes. The main advantage of fed-batch

mode over batch mode at high solid loads are the free

movement of reaction mixture i.e. substrate and enzyme by

gradual addition to the reactor which maintains the desired

level of viscosity therefore, reduces the clogging of fibrous

substrate suspension and improves the mass and heat

transfer rates [6].

When the measurements are made more than two times

repeatedly over a period of time on the same dependent

variable repeated measure ANOVA should be used. The

use of standard ANOVA method to compare group means

is inappropriate in this kind of study design, as it does not

consider dependencies between observations within sub-

jects in the analysis. Repeated measures analysis deals with

response outcomes measured on the same experimental

unit at different times or under different conditions [28]. To

confirm the findings of the present study multiple com-

parisons were made using Dunnett’s Post Hoc Annova test.

The data shows that fed batch A-III with CC?Cb found to

be significant over the other combinations tried. The sec-

ond best was IC?Cb (Tables 6 and 7). Profile mean plots

of batch and fed batch SSF combinations using CC and IC

were made in three separate time lines (Fig. 4).

Besides enzyme and solid loading approach, b-glucosi-
dase as the vital enzyme component of cellulase also

played an important role in hydrolysing cellobiose to glu-

cose (Table 4). Cellobiose concentration was in the range

of 3.95 g L-1 for fed batch process and 4.27 g L-1 for

batch process. Additional supplementation of b-glucosi-
dase led to improved cellobiose conversion to glucose,

lessen the problems associated with product inhibition as

the yeast strain metabolized the glucose monomers

released during SSF simultaneously and resulted into

higher ethanol yields. This result is in well agreement with

our earlier report and as well with other researchers [5, 29].

With the addition of 1 % Tween 80, higher glucose con-

centrations were observed till 60 h and were reduced to

less than 5 g L-1 in fed batch SSF A-III and 8.34 g L-1 in

batch after 84 h fermentation. This indicates that the

addition of additives improves the enzymatic digestibility

[5]. Similar observation was also reported by the addition

of Tween 40 enhanced the enzymatic hydrolysis and pro-

duced higher concentrations of glucose and xylose from

aqueous ammonia pre-treated corn stover at the beginning

of the simultaneous saccharification and co-fermentation

process [26]. But at the same time the results also revealed

that the xylose fraction remains unutilized. It is generally

accepted that C6 fermenting yeast strains are unable to

assimilate D-xylose in the presence of mixed sugars, unless

they undergo some genetic modifications [30].

In the present investigation, by-products i.e. acetic acid

and glycerol were also formed during the batch and fed

batch SSF trials. Final acetic acid concentrations in batch

and fed batch SSF A-III with CC?Cb and IC?Cb were

less than 0.3 g L-1. Hydrolysis of pre-treated switchgrass

with Accellerase 1500 also released less than 0.5 g L-1

acetic acid [31]. Since the pre-treated material contained

22 % hemicellulose, xylose was detected in the fermenta-

tion broth (with CC around 14.22 g L-1 and with IC

14.10 g L-1). The lower acetic acid concentrations during

fermentation may be due to the metabolism of yeast strain

(Table 4). The final glycerol concentrations were decreased

as the fermentation time increased. The final glycerol

concentrations after 84 h fermentation found to be below

1.10 g L-1 (16.78 mg g-1). Keikhosro et al. [32] reported

27 and 48 mg g-1 of glycerol in aerobic SSF and

117.3 mg g-1 of glycerol on anaerobic SSF of the pre-

treated rice straw (Table 4).

Fig. 4 Profile mean plots of batch and fed batch SSF combinations

using CC and IC at three different time lines
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The present study demonstrates that pre-hydrolysis

along with enzyme loading approach played a major role

in conversion of glucose monomers by attaining above 92

and 86 % theoretical ethanol yields with CC?Cb and

IC?Cb, respectively (Fig. 5a, b). Slightly lower maxi-

mum theoretical ethanol yield of 81.3 % were obtained

with aqueous ammonia pre-treated rice straw as compared

to the present study by using Sacharomyces cerevisiae

D5A at 15 FPU of cellulase and 30 CBU of b-glucosidase
g-1 glucan, respectively after 72 h [24]. Comparison of

ethanol yields of different batch and fed batch SSF pro-

cesses with different pre-treatment and fermentation

conditions shown in Table 8. Seeing the best ethanol

yields in the current work, 1 tonne of rice straw can yield

higher ethanol yields of 198 and 186 kg from CC?Cb
and IC?Cb were used as an enzyme source (Fig. 6). The

liquid fraction (wastewater) generated during mild alkali

pretreatment was used as an influent to four anaerobic

hybrid reactors to generate biogas as described in the

earlier studies [35]. Thus, 731 million tonnes of rice straw

produced annually in the world can be utilized for pro-

duction of 170–180 billion L of ethanol and 406 billion

kL of biogas per year. Besides, any improvement in uti-

lizing xylose fraction of the mild alkali pre-treated rice

straw will enhance the overall yield of ethanol. Experi-

ments are in progress towards this direction.

a

b

Fig. 5 a Theoretical ethanol

yield of batch and fed batch SSF

(A-III) at 10 % solid loading

with CC and IC at different time

intervals. Values of means of

duplicate experiments. Errors

presented here were standard

deviation of duplicate

experiments, b Theoretical

ethanol yield of batch SSF and

fed batch SSF (A-III) at 15 %

solid loading with CC and IC at

different time intervals. Values

of means of duplicate

experiments. Errors presented

here were standard deviation of

duplicate experiments
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Table 8 Ethanol yields of different batch and fed-batch SSF processes

Fed stock and pre-

treatment conditions

Source of enzyme Enzyme dosage

and solid loading

Fermentation condition Type of yeast Ethanol

yield

(%)

References

Wet oxidation, corn

stover

NA 30 FPU g-1 dry

matter, 12 %

solids

Pre-hydrolysis at 50 �C,
fermentation at 30 �C, batch
SSF

NA 83.00 [33]

Acid-alkali combined

pre-treated corncob

NA 30 FPU g-1

cellulose,

19 % dry

matter loading

Pre-hydrolysis at 50 �C,
fermentation at 37 �C, batch
SSF

NA 81.20 [34]

Formiline pre-treated

sugarcane bagasse

Novozymes 10 FPU g-1

solid, 20 %

solids

Fermentation at 37-38 �C,
batch and fed batch SSF

Saccharomyces

cerevisiae

CICC31014

82.70 [1]

Aqueous ammonia pre-

treated cornstover

Accellerase

1500?Novozyme

188

9 % glucan

loading

Pre-hydrolysis at 12 h,

fermentation at 30 �C, fed
batch

SSF

Saccharomyces

cerevisiae

SyBE005

81.90 [27]

12 % glucan

loading

79.80

Dilute acid pre-treated

rice straw, wheat

straw, sugarcane

bagasse

Celluloclast 1.5

L?Novozyme 188

9 FPU g-1

substrate;

10 % solids

Pre-hydrolysis at 42 �C for

12 h, fermentation at 42 �C,
batch

SSF

Pre-hydrolysis at 42 �C for

12 h, fermentation at 42 �C,
batch

SSF

Kluyveromyces

marxianus

84.56

79.64

78.45

[5]

Cellulase from

Aspergillus

terreus?Novozyme

188

71.76

63.37

57.15

[5]

Mild alkali pre-treated

rice straw

Celluloclast 1.5

L?Novozyme 188

9 FPU g-1

substrate;

10 % solids

Pre-hydrolysis at 50 �C for

36 h, fermentation at 42 �C,
batch SSF & fed batch SSF

Pre-hydrolysis at 50 �C for

36 h, fermentation at 42 �C,
batch SSF & fed batch SSF

Kluyveromyces

marxianus

73.72

92.24

This study

Cellulase from

Aspergillus

terreus?Novozyme

188

56.81

86.54

Fig. 6 Mass flow diagram of fed batch SSF (A-III)
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Conclusions

• As there is a demand for cost effective enzyme tech-

nology which is necessary for producing viable biofu-

els, the present results demonstrated that use of low

cost substrate mixtures are feasible alternative sources

for on-site enzyme production by Aspergillus terreus.

• A permutation and combination of regular loading of

substrate and enzyme and pre-hydrolysis improved the

overall performance of SSF fed batch process in

comparison to regular batch SSF at 10 % solid loading

by yielding higher ethanol concentrations.

• The present study has proven that b-glucosidase
addition was also found to favour faster reaction with

the yeast strain.

• The conceptual design of fed batch SSF A-III may be

recommended because the best maximum theoretical

ethanol yields of 92 and 86 % were obtained with

CC?Cb and IC?Cb, respectively.
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