
CHAPTER IV
PREPARATION OF SILK FIBROIN/CELLULOSE WHISKERS 

BIONANOCOMPOSITE SPONGES FOR YEAST CELL IMMOBILIZATION 
USED IN CONTINUOUS ETHANOL PRODUCTION BY PACKED BED

BIOREACTOR

4.1 Abstract

Silk fibroin (SF)/cellulose whiskers (CLWs) bionanocomposite sponges 
were prepared as a supporting material for yeast cell immobilization for further using 
in continuous ethanol production. The SF/CLWs bionanocomposite sponges with 
high porosity were fabricated by freeze-drying a silk fibroin solution containing 
cellulose whiskers at different SF/CLWs weight ratios. The freeze-dried SF/CLWs 
sponges were subjected to methanol treatment to increase water stability. Increasing 
the CLWs content resulted in higher water stability, less shrinkage, and better 
mechanical properties of SF/CLWs bionanocomposite sponges. In the continuous 
ethanol fermentation process, the bionanocomposite sponges with a SF/CLWs 
weight ratio of 50/50 were used to immobilize Saccharomyces serevisiae burgundy 
KY11 yeast cells. The bionanocomposite sponges with the immobilized yeast cells 
were loaded into the glass column of a packed bed bioreactor. Continuous ethanol 
fermentation was operated by varying D-glucose concentrations (100, 150, 200 g/1), 
dilution rates (0.15, 0.20, 0.25 hr"1), and hydraulic retention times (6.87, 5.15, 4.12 
hr). The continuous ethanol fermentation with a high concentration of D-glucose, 
low dilution rate, and high hydraulic retention time resulted in the production of a 
higher ethanol concentration.
Keywords: Silk fibroin; Cellulose whiskers; Yeast cell immobilization; Continuous 
ethanol fermentation
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4.2 Introduction

In recent years, fuel oil demand is continually increased because of 
extended population in the world. On the other hand, natural source of fuel oil that is 
petroleum fuel is perpetually decreasing. Alcohol-based fuels are alternative energy 
sources which have been used as replacements for gasoline. Especially, ethanol fuel 
that is the most widely used due to its low toxicity and wide abundance is produced 
from renewable agricultural product, which is called “Bioethanol”. Ethanol can be 
directly used or blended with gasoline to any percentage such as 1 0 % ethanol mixed 
with 90% gasoline is called E10. This blend is referred to “gasohol”. Blending 
ethanol with gasoline has several advantages: increasing octane value of gasoline, 
decreasing carbon monoxide emission and hydrocarbon exhaust.

Bioethanol means ethanol liquid biofuel which is produced from renewable 
agricultural sugar crops (sugar cane, molasses), corn, lignocellulosic (bagasse and 
wood) sources via hydrolysis and fermentation process. Fermentation process is 
more important to produce ethanol. Therefore, process of continuous ethanol 
fermentation in packed-bed bioreactor is considered in order to get high ethanol 
production. Moreover, cell immobilization is a technique that has been extensively 
investigated during few decades to enhance fermentation productivity.

Cell immobilization is more interesting. There are many advantages of cell 
immobilization over free cells such as high volumetric productivity of ethanol, 
relative ease of product separation, reusable of biocatalysts, important protection of 
biocatalysts from inhibitions (Bangrak, 2007). It normally involves attachment of 
yeast cells to, or location within, an insoluble support material by adsorption, 
covalent binding, entrapment, encapsulation or cross-linking (Gordon et al., 2002). 
Among the different immobilization techniques, entrapment of microbial cell with 
the polymeric matrixes such as calcium alginate, gelatin, agar, k-carrageenan, etc or 
within some materials such as sponge, silicon carbide, polyurethane foam or chitosan 
has been widely studied (Razmovski et al., 2011).

Silk fibroin (SF) is the typical natural macromolecule spun by Bombyx mori 
silkworm. It is an insoluble protein containing up to 90 % of the amino acids, like 
glycine (Gly), alanine (Ala), and serine (Ser). SF has been widely used as
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biotechnology and biomedical materials because of its unique properties including 
good biocompatibility, good oxygen and water vapor permeability, biodegradability, 
minimal inflammatory reaction and non-toxicity (Um et al., 2001). SF can be 
prepared for different morphologies such as particles, fibers, films, sponges, 
hydrogels and scaffolds (Vepari et al, 2007). There are several fillers which may be 
mixed with SF in order to improve its mechanical properties and other properties. 
Cellulose whiskers (CLWs) are nanofiller extracted from plants. They can give 
reinforcement, tensile strength, Young’s modulus and other good properties to 
composite.

The overall objective of this study is to develop a new carrier for yeast cells 
immobilization in order to use in continuous ethanol production. This carrier was 
prepared by fabricating SF/CLWs bionanocomposite sponges by using freeze drying 
technique. Furthermore, this study was considered the effect of SF-to-CLWs blended 
ratio on the chemical structure and morphology of bionanocomposite sponge. The 
carrier potential was evaluated by using in continuous ethanol fermentation in terms 
of % sugar consumption, residual sugar, ethanol production, ethanol yield and 
volumetric ethanol productivity that obtained from fermentation.
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4.3 Experimental

4.3.1 Materials
The Bombyx mori silkworm cocoons were provided from the Queen 

Sirikit Department of Sericulture in Thailand. The Musa sapientum Linn banana 
rachises were obtained from local banana farm in Trang province, Thailand. 
Saccharomyces cerevisiae burgundy KY 11 yeast cell was purchased from Institute 
o f Food Research and Product Development (IFRPD), Kasetsart University in the 
form o f fresh yeast. Analytical grade of sodium hydroxide (NaOH) and sodium 
carbonate (Na2CC>3) pellets were purchased from RANKEM. Calcium chloride 
dihydrate (CaCl2.2 H2 0 ), analytical grade, was purchased from Analar®. D-glucose 
anhydrous, bacteriogical peptone, and yeast extract powder were purchased from 
UNI VAR, CONDA, and HimediA, respectively. Analytical grade of ammonium 
sulfate ((NfTt^SCE) was purchased from LOBA Chemie. Analytical grade of 
potassium dihydrogen phosphate (KH2PO4) was purchased from RANKEM. 
Hydrogen peroxide (H2O2) was purchased from Fisher Scientific Co., Ltd. 98 % of 
sulfuric acid (H2SO4) was purchased from J.T. Baker, Thailand. Methanol (CH3OH) 
and ethanol (C2H5OH) (99.5 % purity), analytical grade, were purchased from RCI 
Labscan., Ltd. Both sodium potassiam tartrate (KNaC4H40 6 '4 H2 0 ) and 3,5- 
dinitrosalicylic acid (DNS) were perchased from Sigma Aldrich.

4.3.2 Preparation of SF Solution
B. mori silk cocoons were cut into small pieces, washed by water, and 

dried in oven at 40 ๐c  overnight. Then boil the silk cocoons in 0.05 % (w/v) Na2CC>3 

solution for 15 minutes (repeated for 2  times), wash them with boiled water and 
distilled water in order to obtain degummed silk. The degummed silk was dried in an 
oven at 40 °c overnight. A polar solvent system containing CaCE, ethanol, and water 
at a CaCE:ethanol:water molar ratio of 1:2:8 was prepared to dissolve the degummed 
silk. Then the silk fibroin solution was dialyzed in distilled water until negative test 
of AgNC>3 was found and followed by centrifuged at 10,000 rpm for 10 minutes. The 
SF solution was kept at 4 ๐c  until use.
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4.3.3 Preparation of CLWs
M. sapientum Linn banana rachis was cut into many small pieces 

about 15 mm to 20 mm of length and dried in oven at 40 ๐c  overnight. The dried 
small banana rachis pieces were soaked in 4 % (w/v) NaOH at 80 °c for 2 hours to 
remove non-cellulosic materials to increase susceptibility to its hydrolysis and then 
thoroughly rinsed with distilled water. Then the banana rachises were bleached by 
treating with 5% (w/v) H2O2 solution at 70 °c for 2 hours. This step removed most of 
the residual lignin and protein. The bleached banana rachis fibers were hydrolyzed by 
65% (w/v) H2SO4 at 60 °c for 4 hours under vigorous stirring. After that, CLWs 
were diluted with distilled water, centrifuged at 1 0 , 0 0 0  rpm for 1 0  minutes for three 
times and dialyzed until neutral.

4.3.4 Preparation of SF/CLWs Bionanocomposite Sponge
The SF solution was diluted with distilled water to get a concentration 

at 2% (w/v). The CLWs suspension was diluted to be 1% (w/v) and ultrasonicated 
for 15 minutes before adding into the SF solution at five different CLWs contents 
(10%, 20%, 30%, 40% and 50% based on weight ratio) with slow mechanical 
stirring. Then the mixture was stirred for 10 minutes and 1 ml of the mixture was 
pipetted to each well of COSTAR® 24-multi-wells culture plate and freeze dried at 
-40°c overnight.

4.3.5 Methanol Treatment of SF/CLWs Bionanocomposite Sponge
The SF and SF/CLWs bionanocomposite sponge were immersed in 

90% (v/v) methanol solution for 10 minutes. And then the methanol-treated sponges 
were washed with an excessive amount of distilled water and dried by freeze drying 
at -40 °c for 24 hours.

4.3.6 Inoculums Preparation
To prepare an inoculum, 1 loop of yeast cell was added into a test tube 

containing 10 ml of Yeast Peptone Dextrose (YPD) broth growth medium consisting 
of D-glucose, peptone, and yeast extract at a concentration of 20 g-F1, 20 g-1'1, and 10
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4.3.7 Yeast Cells Immobilization
The methanol-treated SF/CLWs bionanocomposite sponge and 100 

raL of YPD broth were autoclaved at 121 °c for 15 minutes. The sterilized sponges 
were immersed in the sterilized medium for 10 minutes. After that the inoculum 
yeast cells suspension were added to the sterilized medium. Then it was incubated in 
a shaking incubator at 150 rpm and 30 ๐c  for 48 hours. After yeast cells were 
immobilized in the methanol-treated SF/CLWs bionanocomposite sponge, sponges 
were freeze dried at -40 °c overnight.

4.3.8 Continuous Ethanol Fermentation
The column containing the immobilized yeast cells was a tubular 

column that its inner diameter and height were about 3 and 40 cm, respectively. A 
tubular column was wrapped by jacket column in order to control the temperature 
within column (30 °C) during fermentation. The cooling bath circulator was used to 
control water temperature flowed within jacket column. The fresh nutrient medium 
was fed to the bottom of column and the effluent from column after fermentation was 
collected at the top of column. Both flow rate of feed in and feed out of medium in 
column were controlled by two peristaltic pumps. The 120 pieces of SF/CLWs 
bionanocomposite sponge containing yeast cells were contained in the column. The 
system was precultured and revitalized by feeding the medium at 0 . 6  ml/min of flow 
rate consisting of (in g/1): D-glucose, 20; peptone, 20; yeast extract, 10; (NH4)2S0 4, 
1; KFÎ2PO4, 1 at 30 °c for 24 hours. The working volume and height of the column 
were 247.30 ml and 35 cm, respectively.

The flow rates for the feed into the column with hydraulic retention 
time (H) 6.87, 5.15 and 4.12 hr were 0.6, 0.8, 1.0 ml/min, respectively. At the 
hydraulic retention time (FI) 6.87, 5.15 and 4.12 hr corresponded to 0.15, 0.20 and
0.25 hr' 1 of dilution rate (D=l/H). The concentrations of 100, 150 and 200 g/1 D-

g T 1, respectively. The yeast culture was incubated in a shaking incubator at 150 rpm
and 30 ๐c  for 16 hours. Yeast cell concentration more than 108 cells-ml'1 was
obtained for using in the cell immobilization process.
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glucose were used to be carbon sources for continuous ethanol fermentation. 
Furthermore, the feeding medium comprised of (in g/1): peptone, 20; yeast extract, 
10; (NH4)2SÛ4, 1; KH2PO4, 1. The effluent from column was collected every three 
hours. The effluent sample was centrifuged at 10,000 rpm at 4°c for 10 minutes to 
remove cell pellets. The clear supernatant was determined the residual sugar 
concentration and ethanol content by DNS method and gas chromatography (GC), 
respectively.

4.3.9 Analytical Methods and Measurements
The chemical structure of SF, CLWs, and SF/CLWs 

bionanocomposite sponges were characterized by a Thermo Nicolet Nexus 671 FTIR 
spectrophotometer. The spectra were collected at a resolution of 4 cm' 1 and 64 scans 
from 4000 cm' 1 to 400 cm' 1 of the wavenumber.

The TEM image of cellulose whiskers were detected by a JEOL JEM 
2100 TEM microscope at an operating voltage of 200 kV. Samples for TEM 
observation were prepared by staining the diluted cellulose whiskers suspension with 
1 % uranyl acetate aqueous solution. The sample was dropped on a carbon-coated 
copper grid and air-dried.

Both surface and cross-section morphology of the sponges were 
observed by a HITACHI S4800 FE-SEM microscope at an operating voltage of 2 
kV. The sponges were coated with platinum by using a sputtering equipment 
operated for 200 seconds before the SEM observation.

The compression test was achieved at crosshead speed 1 mm/minute 
at room temperature. The compressive modulus of SF/CLWs bionanocomposite 
sponge was reported.

The number of yeast cells was counted directly under an Olympus 
CX31 OM microscope by the cell pellets resuspended in a 0.85 % NaCl solution 
before dropped to a Neubaeur Precicolor HBG heamacytometer counting chamber.

An Tecant Infinite® 200 PRO UV-Vis spectrophotometer was used to 
analyze the utilization of reducing sugar by yeast cells during continuous ethanol 
fermentation process. The DNS method (Miller, 1959) based on the precipitation of 
residual sugar was used in order to determine the utilization of reducing sugar during
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fermentation process. At a wavelength of 575 nm, the color intensities in terms of 
absorbance were measured. The sugar concentration was then determined from the 
D-glucose standard curve that was prepared in the concentration range of 0.2 to 1.0 
(๙ 1).

A Shimazu GC-7AG instrument equipped with a flame ionization 
(FID) detector was used to determine ethanol concentration. A steel gas 
chromatograph column packed with Porapak Q was used. Temperature of the column 
and injector were fixed constant at 170 ๐c  and 220 ๐c , respectively. Nitrogen (N2) 
gas with the flow rate of 45 ml min' 1 was used as a carrier gas. Peak areas of the GC 
chromatograms of ethanol were compared with peak areas of the ethanol standard 
that was prepared in the concentration range of 0.01 to 15 (%v/v). Then ethanol 
concentration in the test sample was calculated.

Non-methanol and methanol-treated SF/CLWs bionanocomposite 
sponge were immersed in distilled water and incubated at 30 °c 150 rpm. The 
stability of bionanocomposite sponges in water was identified at various times (16, 
24, 48, 72 hours). Weight loss (%) was calculated from this equation:

% weight loss = (W j -  Wf)/Wi X  100 
Wj : Initial dry weight of bionanocomposite sponge 
Wf ะ Final dry weight of bionanocomposite sponge

The volume of the SF/CLWs bionanocomposite sponge before and 
after methanol treatment was calculated to identify the shrinkage (%) of 
bionanocomposite sponges after methanol treatment. Shrinkage (%) was calculated 
from this equation:

Shrinkage (%) = (Vj-Vf)/Vi X 100 
Vj : The volume of the sponges before methanol treatment 
Vf : The volume of the sponges after methanol treatment

A number of yeast cell contained SF/CLWs bionanocomposite sponge 
were counted. Then bionanocomposite sponge containing yeast cells were immersed 
in distilled water and incubated at 30°c 150 rpm for 24 hr in order to count a number 
of yeast cells which leaked out. The number of yeast cells in distilled water was
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counted by Olympus CX31 OM microscope. Immobilization efficiency (%) and 
leakage (%) were calculated from these equations:

Immobilization efficiency (%) = Xj/Xt X 100 
Leakage (%) = Xf/Xt x l0 0

Xj ะ Immobilized yeast cell concentration in sponges (cells/1 g of sponge) after 
immersing in distilled water for 24 hr.
Xf : Leaked free cell concentration in distilled water (cells/1 g of sponge) after 
immersing in distilled water for 24 hr.
x t : Total initial immobilized yeast cell concentration in sponges (cells/1 g of 
sponge)

The sugar concentration was determined from the D-glucose standard 
curve that was prepared in the concentration range of 0.2 to 1.0 (g/1). The % sugar 
consumption was calculated by this equation:

Sugar consumption (%) = (So -  ร)/ร0 X 100 
ร : Residual glucose concentration (g/1) at outlet 
So : Glucose concentration (g/1) in feed

Peak area of the GC chromatograms of the ethanol from fermentation 
was compared with peak areas of the ethanol standard prepared in the concentration 
range of 0 . 0 1  to 15 (%v/v).
Ethanol production was calculated by this equation:

Ethanol production (g/1) = P- Po 
p : Ethanol concentration (g/1) at outlet 
Po : Initial ethanol concentration (g/1) = 0
Volumetric ethanol productivity (Qp) was also calculated by this equation:

Volumetric ethanol productivity (gf'hr'1) = P/H or PD 
p : Ethanol concentration (g/1) at outlet 
H ะ Hydraulic retention time (hr)
D : Dilution rate (hr'1) = 1/H
Ethanol yield (Yp/s) was determined from this equation:

Ethanol yield = P/So-S 
p ะ Ethanol concentration (g/1) at outlet 
So-S : Sugar consumption (g/1)
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4.4 Results and Discussion

4.4.1 Characterization of Silk Fibroin (SF)
4.4.1.1 Production Yield o f SF Solution

Degummed silk obtained from 10 g of silk cocoon was 
dissolved in 100 ml of solvent in order to get the production yield of SF solution. The 
solid content of SF solution was about 3.24% (w/v).

Figure 4.1 Appearance of silk fibroin solution. 

Table 4.1 Production yield of silk fibroin solution

Material Dry weight (g)
Silk cocoon 1 0 0

Degummed silk 72.70
Silk fibroin 61.40

4.4.1.2 Chemical Analysis o f SF and Methanol-treated SF
Silk fibroin has major conformations in the solid state which 

are random coil (or silk I) and (3-sheet (or silk II) structure. The silk I structure is the 
water-soluble state and is observed in vitro in aqueous conditions. On the other hand, 
the silk II structure of SF is insoluble in water and several solvents. So SF must be 
dissolved in the proper solvent system in order to disrupt the intermolecular 
hydrogen bond of beta sheet structure and still has random coil structure before 
preparing SF-based material. The obtained SF solution is random coil structure that
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is called “regenerated SF”. In this experiment, regenerated SF was fabricated to be 
sponge by freeze dried technique. Figure 4.2 shows FTIR spectrum of SF sponge. 
The chemical structure of SF sponge was detected. The FTIR spectrum of SF sponge 
showed absorption peaks at 1655 cm" 1 (amide I, c= 0  stretching), 1542 cm" 1 (amide 
II, N-H bending vibration). These peaks are associated with random coil 
conformation of SF (silk I) (บทไ et al., 2001; She et al., 2008; Srisuwan et al., 2011). 
Nevertheless, SF sponge can be induced its beta-sheet structure by methanol 
treatment. Figure 4.3 shows FTIR spectrum of SF sponge that was treated by 
methanol. The peaks of amide I and amide II were shifted to 1630 and 1523 cm"1, 
respectively. These peaks are attributed to a p-sheet structure of SF (silk II) 
(Wongpanit et al., 2007; Srisuwan et al., 2011).

Figure 4.2 FTIR spectrum of SF sponge.
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Figure 4.4 Chemical structure of silk fibroin.
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4.4.2 Characterization of Cellulose Whiskers (CLWs)
4.4.2.1 Production Yield o f CL พร Suspension

The production yield of CLWs suspension was obtained from 
7 g of small pieces of dried banana rachis. The solid content of CLWs suspension 
after acid hydrolysis was about 1.28% (w/v).

Figure 4.5 Appearance of cellulose whiskers suspension. 

Table 4.2 Production yield of CLWs suspension

Material/ Process Dry weight (g)
Banana rachis 1 0 0

Immersed in 4% (w/v) NaOH 46.57
Bleaching step in 5% (w/v) H2O2 25.57
Hydrolysis by 65% (w/v) H2SO4 20.89
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4.4.2.2 Morphological A nalysis o f CLWs
Figure 4.6 showed the morphology of CLWs extracted from 

banana rachis. The treatment under sulfuric acid hydrolysis resulted in removing the 
amorphous region of cellulosic microfibrils and remaining only crystalline region. 
Furthermore, the treatment also reduced the size of the fibers from the micron to 
the nanometer scale (Samir et al, 2005). The diameter (D) and length (L) 
distribution of 100 samples of CLWs derived from banana rachis were shown in 
Figure 4.7. The average diameter and length of the CLWs were displayed to be 10.28 
run and 0.71 pm, respectively. The aspect ratio (L/D) is one of the most important 
parameters to indicate reinforcing capability of the CLWs. The aspect ratio of CLWs 
extracted from banana rachis was about 68.74.

Figure 4.6 TEM image of cellulose whiskers suspension.
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Figure 4.7 (a) The diameter distribution and (b) length distribution of CLWs derived
from banana rachis.
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4.4.2.3 Chemical Analysis o f CL พร Suspension
The chemical structure of cellulose whiskers (CLWs) was 

assigned by FTIR spectroscopy as shown in Figure 4.8. The FTIR characteristic 
peaks were shown in Table 4.3. Native cellulose which was not treated by chemical 
has abundance of hemicellulose and lignin components. On the other hand, CLWs 
which were treated by NaOH, H2O2 and H2SO4, respectively has less hemicellulose 
and lignin. Constituents like pectins and hemicelluloses were hydrolyzed by the 
action of alkaline solutions (NaOH). Lignin was removed during additional steps 
using hydrogen peroxide (H20 2). This step is called “bleaching step”. The acid 
hydrolysis treatment was conducted on the cellulose fiber after alkaline treatment and 
bleaching in order to obtain cellulose nanocrystals (or CLWs) (Zuluaga et al., 2009; 
Nurain et al., 2012). The absorption peak located around 1633 cm' 1 is representative 
of c= c  aromatic of lignin. The peak at 1429 and 1320 cm' 1 are assigned to C-H 
deformation and C-H2 wag of cellulose, respectively. The absorption peak at 1163 
cm' 1 was attributed to C-O-C asymmetric stretching of cellulose. The C-0 stretching 
of cellulose was appeared at 1061 cm" 1 (Zuluaga et al., 2007; Zuluaga et al., 2009; 
Rosa et al., 2010).
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Figure 4.8 FTIR spectra of native cellulose (CL) and CLWs.

Table 4.3 The main functional groups of CLWs

Wavenumber (cm'1) Peak assignments
1633 c= c aromatic of lignin
1429 C-H deformation of cellulose
1320 C-H2 wag of cellulose
1163 C-O-C asymmetric stretching of cellulose
1061 C-0 stretching of cellulose
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4.4.3 Characterization of SF/CLWs Bionanocomposite Sponge
4.4.3.1 The SF/CL พร Bionanocomposite Sponge Codes at Various 

Weight Ratios o f SF to CL พร
Table 4.4 and 4.5 illustrated the non-methanol treated and the 

methanol-treated bionanocomposite sponge codes at various weight ratios of SF to 
CLWs, respectively.

Table 4.4 The non-methanol treated bionanocomposite sponge codes at various 
weight ratios of SF to CLWs

Bionanocomposite sponge codes SF (wt%) CLWs (wt%)
SF100 1 0 0 0

SF90 90 1 0

SF80 80 2 0

SF70 70 30
SF60 60 40
SF50 50 50

Table 4.5 The methanol-treated bionanocomposite sponge codes at 
ratios of SF to CLWs

various weight

Bionanocomposite sponge codes SF (wt%) CLWs (wt%)
MSF100 1 0 0 0

MSF90 90 1 0

MSF80 80 2 0

MSF70 70 30
MSF60 60 40
MSF50 50 50
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4.4.3.2 Morphological Analysis o f SF/CLWs Bionanocomposite
Sponge
Figure 4.9 and 4.10 were the SEM micrographs that 

illustrated the morphology of bionanocomposite sponges. The bionanocomposite 
sponges exhibited porous material with interconnected pores in order to allow the 
growth of yeast cells and the culture medium or nutrient to penetrate into yeast cells 
entrapped and attached inside the sponges. The pore size of sponges depended on a 
freeze-drying and a content of CLWs in sponges. Using the freeze-drying technique, 
the suspension of SF/CLWs bionanocomposite is frozen or solidified. The SF/CLWs 
bionanocomposite is localized during the nucléation of ice crystals. Sublimation of 
ice crystals brings about formation of a highly porous bionanocomposite sponges. 
Decreasing of nucléation rate or freezing rate in the freezing process leads to the 
larger ice crystals, so the sponges with a larger average pore diameter are obtained. 
Furthermore, the direction of heat transfer and speed of heat transfer affect the shape 
of crystal. The pore width of SF/CLWs bionanocomposite sponges increased with 
increasing weight ratio of CLWs in sponges (see Table 4.6). Increasing of CLWs 
content causes impeding the direction and speed of heat transfer of water molecule 
that effects slow in situ freezing rate, enlarging the ice particles, and finally bringing 
about the larger pore width of SF/CLWs bionanocomposite sponge (Fergal et al.,
2004).

Table 4.6 Average pore width of bionanocomposite sponge

Bionanocomposite sponge Average pore width (pm)
MSF100 16.96 ±5.05
MSF90 26.55 ±8.26
MSF80 55.24 ± 13.43
MSF70 69.89 ± 12.25
MSF60 91.13 ±20.61
MSF50 112.65 ±24.66
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Figure 4.9 SEM images of surface of (a) methanol-treated SF sponge and (b), (c), 
(d), (e), (f) methanol-treated bionanocomposite sponges at SF/CLWs ratio of 90/10, 
80/20, 70/30, 60/40 and 50/50, respectively.
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Figure 4.10 SEM images of cross sectional part of (a) methanol-treated SF sponge 
and (b), (c), (d), (e) and (f) methanol-treated bionanocomposite sponges at SF/CLWs 
ratio of 90/10, 80/20, 70/30, 60/40 and 50/50, respectively.
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4.4.3.3 Chemical Analysis o f Methanol-treated SF/CLWs
Bionanocomposite Sponge
Figure 4.11 showed FTIR spectra of SF, CLWs and 

SF/CLWs bionanocomposite sponge at various ratios after methanol treatment. The 
FTIR characteristic peaks of methanol-treated SF/CLWs bionanocomposite sponge 
showed that absorption peaks of amide I and amide II were shifted to 1630 and 1523 
cm'1, respectively (Wongpanit et al, 2007; Srisuwan et al., 2011). The peaks were 
shifted because conformation of SF/CLWs bionanocomposite sponge was changed to 
be p-sheet structure after methanol treatment. The treatment in polar solvent, 
aqueous methanol, are highly effective in crystallization of SF (Park et al., 2004). 
t he methanol molecules can impede the hydrogen bond of random coil SF and 
induce the beta-sheet conformation. Furthermore, absorption peaks at 1633, 1429, 
1320, 1163 and 1061 cm' 1 which were representative of c= c  aromatic of lignin, C- 
II deformation of cellulose and C-H2 wag of cellulose, C-O-C asymmetric 
stretching of cellulose and C-0 stretching of cellulose, respectively, were associated 
with the chemical structure of CLWs (Zuluaga et al., 2007; Zuluaga et al., 2009; 
Rosa et al., 2010). The blending SF with CLWs also induces SF structure from 
random coil into P-sheet because of the surface of crystalline CLWs and hydrogen 
bonding between -OF! of CLWs and -NH2 and/or -OH of SF (Noshiki et al., 2002; 
Shang et al., 2011).
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Figure 4.11 FTIR spectra of SF, CLWs and SF/CLWs bionanocomposite sponge at 
various ratios after methanol treatment.
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4.4.3.4 Weight Loss o f SF/CL พร Bionanocomposite Sponge
Figure 4.12 showed weight loss (%) of non-methanol treated 

SF/CLWs bionanocomposite sponges at various times (16, 24, 48, 72 hours). The 
%weight loss of bionanocomposite sponges increased when the immersion time in 
distilled water increased. And the %weight loss decreased with increasing weight 
ratio of CLWs in bionanocomposite sponges. Figure 4.13 showed weight loss (%) of 
methanol-treated bionanocomposite sponges in distilled water. Their %weight loss 
have the same trend as the %weight loss of non-methanol treated bionanocomposite 
sponges. Flowever, the value of %weight loss of methanol-treated bionanocomposite 
sponges was less than the non-treated ones because of beta-sheet structure in 
methanol-treated bionanocomposite sponges. The silk I structure in SF is the water- 
soluble state and also known as random coil structure. The random coil structure 
could be induced to beta-sheet structure (or silk II) which is insoluble and stable in 
water by methanol treatment. Therefore, the better dimension stability in water of the 
methanol-treated bionanocomposite sponges resulted from the conformation 
transition from random coil to beta-sheet structure of SF. The beta-sheet structure in 
methanol-treated bionanocomposite sponges was confirmed by the characteristic 
peaks in FTIR of beta-sheet conformation. The methanol-treated bionanocomposite 
sponges of MSF50 gave the most excellent water stability in this experiment.
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gure 4.12 Weight loss of non-methanol treated bionanocomposite sponges.

Figure 4.13 Weight loss of methanol-treated bionanocomposite sponges.
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4.4.3.5 Shrinkage o f SF/CL พร Bionanocomposite Sponge
Figure 4.14 illustrated shrinkage (%) of bionanocomposite 

sponges both with and without CLWs after methanol treatment. The change in 
volume of the bionanocomposite sponges before and after methanol treatment was 
measured in order to determine their dimensional stability. In general, the 
conformation transition of the porous material influences the shrinkage and poor 
dimensional stability. Methanol treatment of SF/CLWs bionanocomposite sponges 
induced the transition of random coil conformation to beta-sheet structure in SF, 
which resulted in the shrinkage of materials. However, it was found that the % 
shrinkage of the bionanocomposite sponges could be decreased with increasing 
CLWs ratios. It referred that CLWs can improve dimensional stability of 
bionanocomposite sponge.

Figure 4.14 Shrinkage (%) of bionanocomposite sponges at various ratios after
methanol treatment.
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4.4.3.6 The Compression Modulus o f Methanol-treated SF/CLWs 
Bionanocomposite Sponge

Figure 4.15 showed information of the compression modulus 
methanol-treated SF/CLWs bionanocomposite sponge. The compression modulus of 
bionanocomposite sponge increased with increasing CLWs content and reached a 
maximum when the CLWs content was equal to 50% of weight ratio (MSF50). 
Shang et al, (2011) studied mechanical properties of silk fibroin/cellulose (SF/CE) 
blend films and found that the elongation at break of the blend films displays the 
initial ascent trend when CE content increased to 50 wt% and then took a rapid drop 
for 75 wt% CE content due to bad compatibility between SF and CE. The blend film 
containing 50 wt% of cellulose had excellent compatibility between SF and CE, 
contributing to the higher elongation at break. To explain the increase of the 
compression modulus, the incorporation of CLWs to bionanocomposite sponges 
caused intermolecular hydrogen bond between -OH of CLWs and -NH 2 and/or -OH 
of SF (as shown in Figure 4.16) and induced beta-sheet conformation of SF. At 50% 
weight ratio of CLWs provided the strongest intermolecular interactions in matrix, 
causing the maximum the compression modulus.
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Figure 4.15 Compression modulus of methanol- treated bionanocomposite sponges.
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4.4.3 .7  Yeast C ell Im m obilization and  Yeast Cell Leakage in 
M ethanol-trea ted  SF/C LW s B ionanocom posite Sponge  
F ig u re  4 .1 7 ( a )  a n d  (b )  i l lu s t r a te d  a  n u m b e r  o f  im m o b il iz e d  

y e a s t  c e l l s  a n d  th e  % im m o b i l i z a t io n  e f f ic ie n c y  in  th e  m e th a n o l - t r e a te d  S F /C L W s  
b io n a n o c o m p o s i te  s p o n g e  a t v a r io u s  w e ig h t  r a t io s ,  r e s p e c t iv e ly .  T h e  N e u b a e u r  
P re c ic o lo r  H B G  h e a m a c y to m e te r  c o u n t in g  c h a m b e r  w a s  u s e d  f o r  c o u n t in g  y e a s t  
c e lls . A  la r g e r  n u m b e r  o f  y e a s t  c e l l s  w e re  a t t a c h e d  in  b io n a n o c o m p o s i te  s p o n g e  
w h ic h  h a d  h ig h e r  C L W s  c o n te n t. T h e  h ig h e s t  n u m b e r  o f  y e a s t  c e l l s  w e r e  a t ta c h e d  
in s id e  th e  b io n a n o c o m p o s i te  s p o n g e  c o n ta in in g  5 0 %  w e ig h t  r a t io  o f  C L W s  (M S F 5 0 )  
b e c a u s e  M S F 5 0  p r e s e n te d  th e  la r g e s t  p o r e  s iz e s  th a t  a l lo w e d  b e t te r  y e a s t  c e ll  g ro w th  
a n d  p e n e t r a t io n  a n d  b e t te r  th e  c u l tu re  m e d iu m  o r  n u t r ie n t  t r a n s f e r  in to  y e a s t  c e lls  
e n t r a p p e d  a n d  a t t a c h e d  in s id e  th e  s p o n g e s . F u r th e rm o r e , C L W s  h a d  h ig h  s u r fa c e  a r e a  
th a t  p r o v id e d  s u r fa c e  f o r  a t ta c h m e n t  o f  y e a s t  c e l ls . F ig u re  4 .1 8  s h o w e d  S E M  im a g e s  
o f  a  la rg e  n u m b e r  o f  y e a s t  c e lls  a t ta c h e d  in s id e  M S F 5 0  b io n a n o c o m p o s i te  s p o n g e .

Figure 4.17 (a )  A  n u m b e r  o f  im m o b il i z e d  y e a s t  c e l ls  in  th e  m e th a n o l - t r e a te d
S F /C L W s  b io n a n o c o m p o s i te  s p o n g e  a t  v a r io u s  w e ig h t  r a tio s .
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Figure 4.17 (b )  T h e  %  im m o b i l i z a t io n  e f f ic ie n c y  in  th e  m e th a n o l - t r e a te d  S F /C L W s  
b io n a n o c o m p o s i te  s p o n g e  a t  v a r io u s  w e ig h t  ra tio s .
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Figure 4.18 S E M  im a g e s  o f  a  la rg e  n u m b e r  o f  y e a s t  c e l l s  a t t a c h e d  in s id e  M S F 5 0  
b io n a n o c o m p o s i te  s p o n g e .
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A  n u m b e r  o f  y e a s t  c e l ls  w h ic h  le a k e d  f ro m  m e th a n o l - t r e a te d  
S F /C L W s  b io n a n o c o m p o s i te  s p o n g e  a n d  %  y e a s t  c e l l s  le a k a g e  w e r e  s h o w n  in  F ig u re  
4 .1 9 ( a )  a n d  (b ) ,  r e s p e c t iv e ly .  T h e  d e c r e a s e  o f  y e a s t  c e ll  le a k a g e  a p p e a re d  in  
b io n a n o c o m p o s i te  s p o n g e  h a v in g  h ig h e r  C L W s  c o n te n t .  W ith  h ig h  C L W s  c o n te n t  in  
b io n a n o c o m p o s i te  s p o n g e , %  w e ig h t  lo s s  o f  b io n a n o c o m p o s i te  s p o n g e  w a s  lo w  (as  
s h o w n  in  F ig u re  4 .1 3 ) ;  th e re f o r e ,  th e  a t t a c h e d  y e a s t  c e l ls  o n  s u r fa c e  o f  
b io n a n o c o m p o s i te  s p o n g e  le s s  le a k e d .

Figure 4.19 (a )  A  n u m b e r  o f  le a k e d  y e a s t  c e l l s  a n d  (b )  th e  %  c e ll  le a k a g e  f ro m  th e  
m e th a n o l - t r e a te d  S F /C L W s  b io n a n o c o m p o s i te  s p o n g e  a t  v a r io u s  w e ig h t  r a t io s .
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4 .4 .4  C o n t in u o u s  E th a n o l  F e rm e n ta t io n
C o n t in u o u s  e th a n o l  f e rm e n ta t io n  w a s  c a r r ie d  o u t  b y  u s in g  th e  c o lu m n  

r e a c to r  ( p a c k e d - b e d  r e a c to r )  c o n ta in in g  th e  im m o b i l i z e d  y e a s t  c e l l s  w i th in  M S F 5 0  
b io n a n o c o m p o s i te  s p o n g e . T h e  M S F 5 0  b io n a n o c o m p o s i te  s p o n g e  w a s  c h o s e n  a s  a  
c a r r ie r  f o r  im m o b i l i z a t io n  o f  y e a s t  c e ll  b e c a u s e  M S F 5 0  h a d  h ig h e s t  p o re  s iz e ,  w a te r  
s ta b i l i ty ,  d im e n s io n a l  s ta b i l i ty ,  y e a s t  c e ll  d e n s i ty  a n d  lo w e s t  c e l l  le a k a g e . T h e  
c o n t in u o u s  f e r m e n ta t io n  s y s te m  w a s  o p e ra te d  b y  th e  f o l lo w in g  o p e ra t in g  c o n d i t io n :  
te m p e r a tu r e  a t  3 0 ° c ,  p H  a t  4 .5 -5 , f e e d  s u g a r  c o n c e n t r a t io n s  o f  1 0 0 , 1 5 0 , a n d  2 0 0  g/1, 
d i lu t io n  r a te  (D )  o f  0 .1 5 ,  0 .2 0  a n d  0 .2 5  h r ' 1 c o r r e s p o n d e d  to  6 .8 7 ,  5 .1 5  a n d  4 .1 2  h r  o f  
h y d r a u l ic  r e te n t io n  t im e  (H ).

4.4.4.1 Sugar C onsum ption and  E thanol P roduction
F ig u re  4 .2 0 ( a ) ,  (b ) , a n d  (c )  i l lu s t r a te d  th e  e f f e c t  o f  fe e d  

g lu c o s e  c o n c e n t r a t io n  a n d  d i lu t io n  r a te  o n  th e  e th a n o l  p r o d u c t io n ,  v o lu m e t r ic  e th a n o l 
p r o d u c t iv i ty  (Q p) a n d  e th a n o l  y ie ld  (Y p/s), r e s p e c t iv e ly .  A t  a  fe e d  g lu c o s e  
c o n c e n t r a t io n  o f  1 0 0 , 1 5 0 , 2 0 0  g/1 a n d  d i lu t io n  r a te  0 .1 5  h r '1, 4 1 .3 1 ,  4 2 .0 7 , a n d  5 1 .1 8  
g/1 o f  e th a n o l  p r o d u c t io n  w i th  th e  v o lu m e tr ic  e th a n o l  p r o d u c t iv i ty  (Q p) o f  6 .2 0 , 6 .3 1 , 
a n d  7 .6 8  g F 'h r ' 1 a n d  th e  e th a n o l  y ie ld  (Y p/s) o f  0 .4 8 ,  0 .3 8 , a n d  0 .4 1  w e re  o b ta in e d  
r e s p e c t iv e ly .  A t  a  f e e d  g lu c o s e  c o n c e n t r a t io n  o f  1 0 0 , 15 0 , 2 0 0  g/1 a n d  d i lu t io n  ra te  
0 .2 0  h r '1, 3 6 .6 2 , 4 0 .4 5 ,  a n d  4 6 .9 0  g/1 o f  e th a n o l  p r o d u c t io n  w i th  th e  v o lu m e tr ic  
e th a n o l  p r o d u c t iv i ty  (Q p) o f  7 .3 2 , 8 .0 9 , a n d  9 .3 8  g l ^ h r ' 1 a n d  th e  e th a n o l  y ie ld  (Y p/s) 
o f  0 .4 4 , 0 .3 8 , a n d  0 .4 0  w e re  g a in e d  r e s p e c t iv e ly .  F u r th e rm o r e ,  a t  a  f e e d  g lu c o s e  
c o n c e n t r a t io n  o f  1 0 0 , 1 5 0 , 2 0 0  g/1 a n d  d i lu t io n  r a te  0 .2 5  h r '1, 3 3 .1 9 ,  3 4 .4 4 , a n d  4 2 .2 2  
g/1 o f  e th a n o l  p r o d u c t io n  w i th  th e  v o lu m e tr ic  e th a n o l  p r o d u c t iv i ty  (Q p) o f  8 .3 0 , 8 .6 1 , 
a n d  1 0 .5 6  g f 'h r ' 1 a n d  th e  e th a n o l  y ie ld  (Y p/s) o f  0 .4 0 , 0 .3 7 , a n d  0 .3 9  w e re  g a in e d  
r e s p e c t iv e ly .

A  v a lu e  o f  %  s u g a r  c o n s u m p t io n  a n d  r e s id u a l  su g a r  
c o n c e n t r a t io n  w e re  s h o w n  in  F ig u re  4 .2 1 (a )  a n d  (b ) , r e s p e c t iv e ly .  A  %  s u g a r  
c o n s u m p t io n  o f  8 6 .9 0 , 7 3 .2 0 , a n d  6 2 .8 9 %  a n d  a  r e s id u a l  s u g a r  c o n c e n t r a t io n  o f
13 .10 , 4 0 .2 0 ,  a n d  7 4 .2 1  g/1 a t  th e  o p e ra t in g  c o n d i t io n  o f  a  fe e d  g lu c o s e  c o n c e n t r a t io n  
o f  1 0 0 , 1 5 0 , 2 0 0  g/1 a n d  d i lu t io n  r a te  0 .1 5  h r ' 1 w e re  o b ta in e d  r e s p e c t iv e ly .  A  %  su g a r  
c o n s u m p t io n  o f  8 3 .1 6 , 7 0 .6 1 , a n d  5 9 .3 2 %  a n d  a  r e s id u a l  s u g a r  c o n c e n t r a t io n  o f  
1 6 .8 4 , 4 4 .0 8 ,  a n d  8 1 .3 5  g/1 a t  th e  o p e ra t in g  c o n d i t io n  o f  a  fe e d  g lu c o s e  c o n c e n t r a t io n
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o f  10 0 , 1 5 0 , 2 0 0  g/1 a n d  d i lu t io n  r a te  0 .2 0  h r ' 1 w e re  o b ta in e d  r e s p e c t iv e ly .  A  %  s u g a r  
c o n s u m p t io n  o f  8 2 .1 1 , 6 1 .9 9 , a n d  5 4 .5 4 %  a n d  a  r e s id u a l  s u g a r  c o n c e n t r a t io n  o f  
1 7 .8 9 , 5 7 .0 1 , a n d  9 0 .9 2  g/1 a t  th e  o p e ra t in g  c o n d i t io n  o f  a  fe e d  g lu c o s e  c o n c e n t r a t io n  
o f  1 0 0 , 1 5 0 , 2 0 0  g/1 a n d  d i lu t io n  r a te  0 .2 5  h r ' 1 w e re  g a in e d  r e s p e c t iv e ly .

U n d e r  c o n t in u o u s  e th a n o l  f e r m e n ta t io n  in  p a c k e d - b e d  
b io re a c to r ,  th e  m a x im u m  e th a n o l  p r o d u c t io n  o f  5 1 .1 8  g /1 w i th  th e  v o lu m e t r ic  e th a n o l  
p r o d u c t iv i ty  o f  7 .6 8  g F ’h r ' 1 w a s  o b ta in e d  a t  0 .1 5  h r ' 1 d i lu t io n  r a te  a n d  2 0 0  g/1 fe e d  
g lu c o s e  c o n c e n t r a t io n .  A l l  o f  in fo rm a t io n  in d ic a te d  th a t  th e  e th a n o l  p r o d u c t io n  a n d  
v o lu m e tr ic  e th a n o l  p r o d u c t iv i ty  in c re a s e d  w h e n  th e  f e e d  g lu c o s e  c o n c e n t r a t io n  
in c re a s e d  b u t  th e  %  s u g a r  c o n s u m p t io n  d e c r e a s e d . T h e  %  s u g a r  c o n s u m p t io n  o f  y e a s t  
c e ll  in  f e r m e n ta t io n  d e c r e a s e d  w h e n  th e  f e e d  g lu c o s e  c o n c e n t r a t io n  in c re a s e d  
b e c a u s e  u s in g  h ig h  fe e d  g lu c o s e  c o n c e n t r a t io n  c a u s e d  h ig h  ra t io  o f  g lu c o s e  to  y e a s t  
c e ll  m a s s  c o n c e n t r a t io n  o r  s u g a r  u p ta k e  l im it .

4.4.4.2 E ffect o f  D ilution Rate on C ontinuous E thanol Ferm entation
T h e  fe e d  g lu c o s e  c o n c e n t r a t io n  o f  10 0 , 1 5 0 , a n d  2 0 0  g/1 w e re  

p a s s e d  th r o u g h  th e  c o lu m n  w i th  d i f f e r e n t  d i lu t io n  r a te  v a r y in g  a t  o f  0 .1 5 , 0 .2 0  a n d  
0 .2 5  h r '1. T h e  F ig u re  4 .2 0 ( a )  in d ic a te d  th a t  th e  e th a n o l  p r o d u c t io n  w a s  d e c r e a s e d  a t  
h ig h  d i lu t io n  r a te  b e c a u s e  o f  le s s  in te r a c t io n  t im e  o f  g lu c o s e  m o le c u le  w i th  th e  
im m o b il i z e d  y e a s t  c e l ls  o r  lo w  h y d r a u l ic  r e te n t io n  t im e  (H )  th a t  m e a n s  d e c r e a s in g  in  
s u g a r  c o n s u m p t io n  o f  y e a s t  c e ll . O n  th e  o th e r  h a n d , F ig u r e  4 .2 0 (b )  s h o w s  th a t  th e  
v o lu m e tr ic  e th a n o l  p r o d u c t iv i ty  (Q p) w a s  in c re a s e d  w h e n  th e  d i lu t io n  ra te  w a s  
in c re a s e d  f ro m  0 .1 5  to  0 .2 5  h r '1. T h e  h ig h  d i lu t io n  r a te  r e p r e s e n te d  a s  h ig h  f lo w  ra te  
o f  e th a n o l  p r o d u c t io n ,  so  th e  a m o u n t  o f  e th a n o l  p r o d u c t io n  p e r  h o u r  w a s  h ig h , w h ic h  
r e s u lte d  in  h ig h  th e  v o lu m e t r ic  e th a n o l  p r o d u c t iv i ty  (Q p).
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Figure 4.20 T h e  e f f e c t  o f  f e e d  g lu c o s e  c o n c e n t r a t io n  a n d  d i lu t io n  r a te  o n  (a )  th e  
e th a n o l  p r o d u c t io n  a n d  (b )  v o lu m e t r ic  e th a n o l  p r o d u c t iv i ty  (Q p).
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Figure 4.20 (c )  T h e  e f f e c t  o f  f e e d  g lu c o s e  c o n c e n t r a t io n  a n d  d i lu t io n  r a te  o n  e th a n o l  
y ie ld  (Y p/s).



Re
sid

ua
l s

ug
ar 

co
nc

en
tra

tio
n (

g/l
) 

Su
ga

r c
on

sum
pti

on
 (%

)

76

Dilution rate (hr'1)

120

100 -

80 -

0 .1 5 0 .2 0  0 .25

■ ■  100 g/l glucose 
r~~l 150 g/l glucose 

I 200 g/l glucose

Dilution rate (hr'1)
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4.4.4.3 A Com parison o f  the F erm entation C ondition  a nd  E thanol 
P roduction
T a b le  4 .7  s h o w e d  a  c o m p a r i s o n  o f  th e  f e r m e n ta t io n  c o n d i t io n  

a n d  e th a n o l  p r o d u c t io n .  In  th is  w o rk , th e  m a x im u m  e th a n o l  y ie ld  e q u a ls  to  0 .4 8  a t

6 .2 0  g l h r  o f  v o lu m e t r ic  e th a n o l  p r o d u c t iv i ty  (Q p). T h is  v a lu e  w a s  s a t i s f ie d  w h e n  it 
w a s  c o m p a re d  w i th  m a n y  p r e v io u s  w o rk s .

Table 4 .7  A  c o m p a r i s o n  o f  th e  f e rm e n ta t io n  c o n d i t io n  a n d  e th a n o l  p r o d u c t io n

A u th o r F e rm e n ta t io n
p ro c e s s

Y e a st ce ll 
c o n d i t io n

C a r r ie r M a x
Y  (g /g )p/s KB BJ

Qp 1
(g l 'h r  ')M a te r ia l M e th o d

K ira n
I et a l,  2 0 0 0 B a tc h I m m o b il iz e d

c e ll C a - a lg in a te E n t r a p m e n t 0 .4 6 1 .94

N ig a m  
et al., 2 0 0 0 C o n tin u o u s F re e  ce ll - - 0 .4 2 3 .8 0

L a o p a ib o o n  
e t  a l. , 2 0 0 9 B a tc h F re e  ce ll - - 0 .4 5 1.52

jA r iy a ja ro e n  
iw o n g  et al., 

2 0 1 1
C o n tin u o u s I m m o b il iz e d

c e ll
S w e e t

s o r g h u m  s ta lk A d s o r p t io n 0 .4 7 1 .30

j G h o rb a n i  
et al., 2 0 1 1 C o n tin u o u s I m m o b il iz e d

c e ll C a - a lg in a te E n t r a p m e n t 0 .2 4 2 .3 9

i R a z m o v s k i  
j et al., 2 0 1 2 B a tc h I m m o b il iz e d

ce ll
M a iz e  s te m  

g r o u n d  t is s u e A d s o r p t io n 0 .4 9 0 .7 4

V e sn a  
et al., 2 0 1 2 B a tc h I m m o b il iz e d

ce ll
S u g a r  b e e t  

p u lp A d s o r p t io n 0 .4 6 0 .9 2

This work 
2013 C o n tin u o u s I m m o b il iz e d

c e ll
S F /C L W s  

b io n a n o c o m p 
o s i te  s p o n g e

E n tra p m e n t 0.48 6.20
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4.5 Conclusions

T h e  S F /C L W s  b io n a n o c o m p o s i te  s p o n g e s  w e r e  f a b r ic a te d  b y  f re e z e - d r y in g  
s i lk  f ib r o in  s o lu t io n  c o n ta in in g  c e l lu lo s e  w h is k e r s  a t  d i f f e r e n t  S F /C L W s  w e ig h t  
r a t io s  in  o r d e r  to  o b ta in  a  p o ro u s  m a te r ia l  w i th  in te r c o n n e c te d  p o re s . T h e  
in c o r p o ra t io n  w i th  h ig h  C L W s  c o n te n t  in to  S F  s p o n g e  c a u s in g  in te r m o le c u la r  
h y d r o g e n  b o n d  b e tw e e n  - O H  o f  C L W s  a n d  - N H 2 a n d /o r  - O F I  o f  S F  a n d  in d u c in g  
b e ta - s h e e t  c o n f o r m a t io n  o f  S F  r e s u lte d  in  g o o d  w a te r  s ta b i l i ty  o f  S F /C L W s  
b io n a n o c o m p o s i te  s p o n g e . F u r th e rm o r e ,  th e  in c re a s e  in  th e  C L W s  c o n te n t  c a u s e d  
h ig h e r  w a te r  s ta b i l i ty ,  le s s  s h r in k a g e , a n d  b e t te r  m e c h a n ic a l  p r o p e r t ie s  o f  S F /C L W s  
b io n a n o c o m p o s i te  s p o n g e s . T h e  m e th a n o l - t r e a te d  b io n a n o c o m p o s i te  s p o n g e s  h a d  
b e t te r  w a te r  s ta b i l i ty  th a n  n o n - t r e a te d  o n e s  b e c a u s e  m e th a n o l  t r e a tm e n t  c a n  
s ig n i f ic a n t ly  e n h a n c e d  th e  c o n fo rm a t io n  t r a n s i t io n  f ro m  r a n d o m  c o i l  to  b e ta -s h e e t  
s t r u c tu r e  o f  S F  s p o n g e . T h e  S F /C L W s  b io n a n o c o m p o s i te  s p o n g e  f a b r ic a te d  a t th e  
S F /C L W s  r a t io  o f  5 0 :5 0  (M S F 5 0 )  p r o v id e d  th e  la r g e s t  a v e r a g e  p o r e  s iz e  a b o u t 
1 1 2 .6 5  p m  a n d  c o n ta in e d  th e  h ig h e s t  n u m b e r  o f  y e a s t  c e l ls  a r o u n d  3 . 8 0 x l 0 10 c e l l s / l g  
o f  s p o n g e . T h e  M S F 5 0  b io n a n o c o m p o s i te  s p o n g e  w a s  c h o s e n  a s  a  c a r r ie r  fo r  y e a s t  
c e l l  im m o b i l i z a t io n  u s in g  in  c o n t in u o u s  e th a n o l  f e r m e n ta t io n  b e c a u s e  M S F 5 0  h a d  
h ig h e s t  p o re  s iz e ,  w a te r  s ta b i l i ty ,  d im e n s io n a l  s ta b i l i ty ,  y e a s t  c e ll  d e n s i ty  a n d  lo w e s t 
c e ll  le a k a g e . T h e  c o n t in u o u s  f e rm e n ta t io n  s y s te m  w a s  o p e ra te d  b y  th e  fo l lo w in g  
o p e r a t in g  c o n d i t io n :  te m p e ra tu re  a t  3 0  °c, p H  a t  4 .5 -5 , f e e d  s u g a r  c o n c e n t r a t io n s  o f  
1 0 0 , 1 5 0 , a n d  2 0 0  g/1, d i lu t io n  r a te  (D ) o f  0 .1 5 ,  0 .2 0  a n d  0 .2 5  h r '1. T h e  e th a n o l 
p r o d u c t io n  a n d  v o lu m e t r ic  e th a n o l  p r o d u c t iv i ty  w h ic h  o b ta in e d  f ro m  f e rm e n ta t io n  
in c r e a s e d  w h e n  th e  fe e d  g lu c o s e  c o n c e n t r a t io n  in c re a s e d  b u t  th e  %  su g a r  
c o n s u m p t io n  d e c r e a s e d .  O n  th e  o th e r  h a n d , th e  e th a n o l  p r o d u c t io n  w a s  d e c r e a s e d  a t 
h ig h  d i lu t io n  r a te  b e c a u s e  o f  le s s  in te r a c t io n  t im e  o f  g lu c o s e  m o le c u le  w ith  th e  
im m o b i l i z e d  y e a s t  c e l l s  o r  lo w  h y d ra u l ic  r e te n t io n  t im e  (FI). T h e  m a x im u m  e th a n o l 
p r o d u c t io n  o f  5 1 .1 8  g/1 w ith  th e  v o lu m e tr ic  e th a n o l  p r o d u c t iv i ty  o f  7 .6 8  g f 'h r ' 1 w a s  
o b ta in e d  a t  0 .1 5  h r ' 1 d i lu t io n  r a te  a n d  2 0 0  g/1 f e e d  g lu c o s e  c o n c e n t r a t io n .  F in a lly , 
a f te r  f in is h e d  f e rm e n ta t io n  S F /C L W s  b io n a n o c o m p o s i te  s p o n g e  c o n ta in in g  y e a s t  c e ll 
c a n  b e  a s  f e e d  f o r  a n im a l  b e c a u s e  S F  a n d  y e a s t  c e l l  a re  e x c e l le n t  p r o te in  s o u rc e s .
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