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Fossil fuel
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* Clean energy source
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« Environmental pollution DEVEIOPHIEN0ISOCIELY, « Abundance on the earth
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+ Energy crisis raw material for industry

Figure 1.1 Oil-refinery and bio-refinery

NAFU T 745U —TlE, BEEFHEGLARL, BREEDCOKIIRM, 2
(ERBEREOREEZEIAFHOEINO—ARZNATTAZ, TR F—BX
UMEMMRIEE L TEARIATA 2 &0 BICEERBREEL-o TS, ¥ L
MU, VI O—ARZNA A ASEHS R - #EEETHD, TOREMIIME
ZIEATHIRNE WS BRI H 5. K 1.2 13, RAEDEE/NA 4 A DFIA
KRERLIZHDT, MHIEMCEMEEY., MY 7 CbABEEDREERE
BREDFARNMEN, BEEHEALAL, INHOEIINO—ARNAF A%
AERLTWS ZEN, BIREROVBWENENZE > T, FICEELRRBESR
2 TWD,



Residue from tree farm
Agricultural residue

Food waste

Waste paper [
Building residue

Sewage

Excreta [

Residue from sawmill

Pulp waste
O Reused rate

B Unused rate 0% 20% 40% 60% 80% 100%

Figure 1.2 Biomass utilization rate in Japan
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Figure 1.3 Conventional technology related with energy conversion from cellulosic

biomass
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Figure 1.4 Energy diagram of conventional energy conversion system
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WIENAFRADS DR F—FRICET 2RV EALIITONTETNS,
037 MBIEMIE. BEEOLFERIG(AG < 002, BHADO—dOER EIZH
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n=(4H - T 4S)/ 4H (1.1)
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PWRDOBBBEAD T I F RO LRZHET 2 HI /=81 7 )n= (T -
To)/Th), (Te > T &L 0D HEE < KR O TRV F—HBIC BV 5 EE SR
D—=DTHBHEEZLGNTND (K15, V) —FA 7T TuZeRKEL
WEBVWENENRELRST, EROREIRII~40 %RETHD, —H. &
SALZ IS TIX. BERFE BRI 80 %~90 % Th D.) REVERIL, HBEE TR
ToHNK 2 MBEMNIZ, AABEE TERE L T —xfOBMOE AR TN
BB AEEA L TB0 (K 1.6). KEUL,S/NEULE TO X7 —)L il
. BIICKE LR WREHRR (BB) DNalRETHD 2 Ens, EFosy
SR IVF—HREE S WO RMBA L TN D,

REIBMN SBONSBENEEP IR UToRTREINS,

P [W/m?] = E [V] x I [A}/S [m?] (1.2)

ZT. EZEEN. 11IIHERICHENSER. S IIBEMAETHD. BREW
BENSBRIRXNF—2RMOHLTVWBHEE, BRESEMOY /) —RBXOHY
— RTIEENTNBRGEITRIBAEZ > Thb,

Bl ZIE, N AT ADERD TH D) 10— A ((CeHi00s)a) DREFRIE B TH 2
T A—A(CeH1206) 5. BELEMZ T L TERXIRIIF—2WO HITHE,
RO X SR RIBNENETNDOEM L THET L TNWS,

7 /=R CeHpp06 + 6H,0 — 6CO, + 24 H' + 24 (1.3)

AV =R 6CO,+24H +24¢ — 12H,0 (1.4)
BMEAEEL TR, VO ADBMRKETHD, LFTOLSITRINS,

CeH1,06 + 6CO, — 12H,0 (1.5)

ZOEE, 7/—RBEXUOAHY—FEIZE. EFOIXINF—EIIRCLEM
= (BFEH) NELDS (K17,
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Figure 1.5 Efficiency of Fuel cells and Carnot Limit. Maximum H: fuel cell
efficiency at standard pressure, referred to Higher Heating Value. The
Carnot limit is shown for comparison, with 50°C exhaust temperature.
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Figure 1.6 Composition of general fuel cells
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Figure 1.7 Operating potential of fuel cell system created by anode and cathode in the

view of reactions at electric double layer
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Table 1.1 Standard oxidation-reduction potentials of half reaction (vs. SHE)

Reaction E%V
O, +4H™ + 4¢ < 2H,0 +0.82
2HNO; + 10H" -+ 10¢’ < N,+6H,0 +0.80
CO, + 8H™ + 8¢ < CH,-2H,0 -0.25
NAD" +H" + 2¢ < NADH -0.32
HCOOH + 4H™ + 4¢ < CH,O0H+H,0 -0.36
C,H, ;05 + 2H + 2¢ <  CH,0,+H,0 -0.36
CO, + 6H" + 6e" < CH,;0H +H,0 -0.40
CH,;COOH + 4H™ + 4¢ < CH;O0H~+H,0 -0.40
2H + 2¢ < H, -0.41
6CO, + 24H™ + 24¢ < CH;04+ 6H,0 -0.43
2CO, + 12H + 12¢ < C,H,OH -+ 3H,0 -0.50

T, ZORBIEROMTHEAZFIHL T, Blo—XZ2ELAEL THESN
L57)NA—AN5, BEEQIIRIIVF—2EO T 7)) 31— AREIEMIZEET
HMARENERILL TR, BB OERE240EERT, EREOmNERE

BMEFRIHAST 2720, KORBABEBELTZNAFTIANS DL F—LH
Bffie UTHIffanTwa (K 1.8), % HiEk FICEEIIHMAL TWRBNTHF
N A%, BEIEMZT L TZOFTHRNIZT RV F—IZEMT 5 &0 rHE
WZaUd, GRTICIKAE LR WA BRI T )L F— G S X 7 L O EN T RE & 72
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Recent energy conversion system from cellulose

Figure 1.8 Energy diagram of recent energy conversion system using fuel cell
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Figure 1.9 Scheme of microbial fuel cells. (a) Composition of the fuel cell. (b) Potential

loss in each stage of reaction processes.
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Figure 1.10 Direct energy conversion system from cellulose using fuel cell.
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Figure 1.11 Energy diagram of direct energy conversion system from cellulose using

fuel cell
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Figure 2.1 Chemical structure of cellulose
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Figure 2.2 Microscopic images of cellulose in alkaline solution.
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Figure 2.3 X-ray diffractgrams of cellulose solution. (i) cellulose sample before

26/ degree

dissolution, (ii) cellulose sample after dissolution.
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Figure 2.4 Electrochemical cell. (i) Anode, (ii) Cathode, (iii) Saturated KCl
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Figure 2.5 Electrochemical characterisation of 2% (w/v) cellulose and its sugar units:
Cyclic voltammograms of (a) cellulose solution in 1.33 M NaOH after cold treatment
(picture inset) (i), cellulose in 1.33 M NaOH before cold treatment
and 1.33 M NaOH control (iii). (b) cellobiose in 1.33 M NaOH (i), and control (ii). (c)
glucose 1.33 M NaOH (i), and control (ii). Scan rate 5 mV/s, with 40 mM phosphate

buffer solution, pH 7.0 (PBS) as the supporting electrolyte.
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Table 2.1 Electrochemical parameters of sugars

Peak potential (V) Current (mA)
Glucose 0.32 40
Cellobiose 0.25 20
Cellulose 0.09 1
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Figure 2.6 Cyclicvoltammogram of standard glucose sample. (blue line: 0.03 mg/ml of

glucose in 1.33 M NaOH, black line: 1.33 M NaOH)
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Figure 2.6 Cyclicvoltammograms of cellulose and standard glucose sample. (red line:
2 % (w/v) cellulose in 1.33 M NaOH, blue line: 0.03 mg/ml of glucose in 1.33 M NaOH,

black line: 1.33 M NaOH)
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Figure 2.7 FT-IR spectra of cellulose sample. (i) cellulose before solubilization; (ii)
cellulose after solubilization (before oxidation); (iii) cellulose after oxidation. IR spectra
were collected from 650 to 4000 cm™. The oxidised cellulose samples were collected
from cellulose after undergoing cyclic voltammetry until disappearing of the oxidation
peak (4500 scan cycles).
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Table 2.2. Viscosity of cellulose solution before and after oxidation by cyclic

voltammetric analysis (CV).

Samples H,0 Cellulose solution Cellulose solution (after
P ? (before oxidation) oxidation)
Viscosity
[mPa.s] 1.3 6.53 12.9
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Figure 2.8 Electrochemical characterisation of cellulose samples:

(a) size distribution

after nano-particulation to (i) 100 nm and (ii) 500 nm
100 nm, (ii) 500 nm and (iii) without cellulose.

. (b) cyclic voltammograms of (i)

Scan rate 5 mV/s, with 40 mM

phosphate buffer solution, pH 7.0 (PBS) as the supporting electrolyte.
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Figure 2.9 Diagram and cross-sectional picture of the cellulose fuel cell system.
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Figure 2.10 Characteristics of cellulose fuel cells. (i) current density, (ii) power density.
Fuel cell parameters were measured using several values of resistance with a digital

multi-meter.
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Scheme 1. Pathway to cellulose oxidation on a gold electrode. (i) Cellulose
crystallised state; (ii) Dissolution breaks intra/internal hydrogen bonds; (iii)

Nano-particulation increases the amount of reducing terminals.
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Figure 3.1 The electrochemical oxidation of cellulose. (a) Cyclicvoltammogram of
cellulose using Au electrode under the alkaline condition. (i) Initial cycle (1 scan), (ii)
Middle cycle (500 scans), (iii) Final cycle (3,000 scans). Scan range: -0.1 V to 0.4 V,
Scan rate: 50 mV/s (respect to Ag/AgCl). (b) The coulomb value during cellulose

oxidation. (Inset: coulomb value during 0 ~ 500 scans of CV.)
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Figure 3.2 Chemical structure of cellulose after dissolution.
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Figure 3.3 FT-IR analysis of cellulose samples. (a) FT-IR spectra of cellulose

samples (i) cellulose (before dissolution), (ii) cellulose (after dissolution, before

electrochemical oxidation), (iii) cellulose (after electrochemical oxidation). (b)

FT-IR spectra of water soluble and insoluble parts in cellulose after

electrochemical oxidation. (i) supernatant (soluble part), (ii) pellet (insoluble
part). Resolution: 4 cm™. Range: 650 to 4000 cm™.
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Figure 3.5 Mass balance of supernatant and pellet components as a dry weight
in cellulose solution before and after electrochemical oxidation. The total mass
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Figure 3.7 XRD
shows FT-IR spectra.) (i) before dissolution, (ii) after dissolution, before

electrochemical

spectra of water insoluble part in cellulose samples. (In-set

oxidation, (iii) after electrochemical oxidation. Experimental

parameters in XRD are following. Cu Ko radiation at 40 kV and 30 mA with a
scan range of 0.04°. The diffraction angle range: 16 to 30°.
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Figure 3.8 SEC spectrum of water soluble oxidized cellulose derivatives. Flow rate: 1.0
ml/min, Injection volume: 30 pl, sample concentration: 1.0 mg/ml (w/v), mobile phase:
milli-Q water, coulumn temp: 25 °C. Some polyethyleneglycol (PEG) were used as a
MW marker. (Inset figure is SEC spectrum of original cellulose before oxidation.)
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Figure 3.9 Glucose yield against the enzymatic reaction time. (i) cellulose
(original), (ii) insoluble part of cellulose after electrochemical oxidation, (iii)
soluble part of cellulose after electrochemical oxidation, (iv) carboxymethyl
cellulose (CMC).
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Figure 3.10 Enzymatic saccharification rate of cellulose sample. (i) cellulose

(original), (ii) insoluble part of cellulose (after oxidation), (iii) soluble part of
cellulose (after oxidation), (iv) CMC.
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Figure 4.1 Scheme of direct energy conversion from cellulose with high efficiency
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Figure 4.1 Hypothesis of sugar degradation by carbon nanotube structured biomimetic

catalyst.
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Figure 4.2 FT-IR spectra of CNT and COOH-CNT: (A) The range of OH bending
vibration derived from carboxylate, (i) CNT, (ii) COOH-CNT. (B) The range of C=0
bending vibration derived from carboxylate, (i) CNT, (ii) COOH-CNT.
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Figure 4.3 SEM images of CNT based matrix. (a) 1 um scale, (b) 100 nm scale.
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Figure 4.4 Effect of pH on nano-structure based catalyst against degradation of
cellobiose: (i) CNT matrix, (ii) COOH-CNT matrix.
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Figure 4.5 Concentration of glucose produced against the amount of COOH
functionalized CNT on a glass substrate.
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Figure 4.6 Chemical structures of amino acid. (i) Glutamic acid, (ii) Aspartic acid.
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Figure 4.7 Scheme of amino acid modification on COOH-CNT
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Figure 4.8 Effect of the glutamic acid functionalized CNT matrix against the cellobiose

degradation at different pH values.
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Figure 4.9 Concentration of glucose produced against the amount of glutamic acid

functionalized COOH-CNT matrix.
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Figure 4.10 Effect of the amino acid functionalized CNT matrix against the cellobiose

degradation at different pH values.
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Table 4.1 The specific activity of sugar degradable catalysts.

Catalyst Specific activity References
[nmol/min/mg]
exoglucanase (derived from Aspergillus sp.) 440 15
B-glucosidase (derived from Aspergillus sp.) 1020 15
B-glucosidase (derived from apple seed) 380 16
Bio-mimetic nano-structure based catalyst 3.82 This work

AN Ll DI 569 2 R B 134 3.82 nmol/min/mg of catalyst TH D, fil
DORZBRDERMBETH HEEFE (RIVT—F) EHETSHE. RATHEOMME
BEPBD TN &N D, ZHUd. NLAEIZEWT, BOSMRKIbZE
FEBIAJRE/R COOH/COOREEDEMN DN ENEZ 5N D, BS < N Tz
HR 3 % COOH-CNT DI & A EW, HAERI/E COOH/COO-BEZ KT 5728
D JE Yh(scaffolds) & U THEBEL T B HD EBDbND, ZOBRNE, ERMA
fiitaE e 92 ATABEORELZZE L 254, #ifi TikX7z COOH/COO D
JREERIIMENE WD T EWIRENT2. Flo. AATHENEM L /&L, B
R OMMBIEEEAMICHRE T 2EEZ T THD ., BROFOMOEE B (F
BORBB IO AR, EEOMERAOHEE - FmFIEEE, AEs
BOEBE L OB E) ERBITHHE L. AANMEBIZIIERINTY
2V, TDIZD. RADEROMBENRIZHENT, TOEREO—MLMEBT
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Table 4.2 Molecular weight and the molecular number of enzyme.

Total number of

Catalyst Molecular weight
molecule
[unit/mg]
Exoglucanase (Aspergillus sp.) 57500 1.04696x10'
B-glucosidase (4spergillus sp.) 40000 1.505x10"
B-glucosidase (apple seed) 120 (kDa) 5.018x10"

ANLAMIRDO 3 TEIZDWTIE, TOREBMTHSVEDD CNT 2 1 wmit &L
T, BrRENZHEE L, CNTIZEZS55m. £ 1.2 um OFREEE LTk
W, RFE-RBREAMEERZ 1.492A Uk, 7 REBRTHERLZ CNT OBE O
AR DERIIARERTH DD, 4, s BEENSHETEOHBETH 5 LKEL .
RIC4BREEE L TRETSE. 1 mg DCONT X b w7 XI2H 5.64x10 D
CNT MEFET D Z LAVRB I Nz, ZNsOf#HETIZ, KR >T—HTF
Dfifi 2 Y DR EIE M E[nmol/min/unit of catalyst] 23R 7z,

Specific activity [nmol/min]
E [nmol/min/unit] =

Total number of molecule in one mg of catalyst sample [unit/mg]

TORER ANTMEO—3THD OFREEDOLN, BRO -3 THO DK
HEEHEX0bEhoz (K4.11),
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Figure 4.11 Specific activity of cellobiose degradation against the one unit of catalysts.
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Figure 4.11 Neutralization titration of sodium hydroxide using the COOH-CNT:
(1) CNT, (i) COOH-CNT.
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NNaOH
X =

MCNT-(CO0HM / MCNT-(COOH)n

( NNaOH: 10 [umol] (}i};ﬁ; l/fCZk@'ﬂﬁﬂ_ ]\ U Wbﬁ) »  MCNT-(COOH)n: 3.3 [mg] (qu;ﬁé-}
MIZET 5 FETD COOH-CNT £). Menrcoomn: 1.15x10% [g/mol] (CNT D4F

2))

ZTOREFR, —DOD CNT EIZ#) 3.48x10° unit DAV RF IV ENEMH I N TN S
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REL, £z, ONT EIZEMINZAIVRF D IVEOEMMES, CNT FHEIZk
UTEHEAMICEHINDEEZSNTNS2D, —DD CNT L TEOHEK
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Figure 4.12 The number of active sites per molecule of catalyst. One CNT structure was

considered as one molecule of catalyst.
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Summary

The demand for energy is increasing due to population growth, industrialisation, and
a lack of sufficient cost-effective renewable-energy sources. Utilizing biomass as an
alternative energy source is increasingly becoming one of the most important topics for
material based sustainable society. A number of conventional techniques to exploit this
energy source including saccharification, fermentation and energy conversion have been
reported. Using these processes, energy is generated intensively using hydrogen and
ethanol produced from cellulose, the main component of biomass. Unfortunately, these
techniques require specialised equipment, input energy for operating whole system and
infrastructure. Recently, sugar-based bio fuel cells which can convert into the electric
energy from chemical energy of sugars derived from biomass without fermentation
using oxidation reaction of sugars on anodic functional electrode have been reported.
Biofuel cells have a much broader range of application for distributed energy supply
due to cutting of fermentation from its energy conversion process. Until now, various
types of sugar based biofuel cells have been devised and developed. However, the fuels
for these cells are monosaccharide such as glucose mainly and still need to be produced
from cellulose via saccharification for utilization of biomass as an energy source. The
need for complicated process like saccharification substantially limits wide adoption of
this technique as a viable green fuel cell technology. Reducing the intermediate steps is
very important if cellulose can be widely tapped of its stored energy, and allows further
research progress to be made in bio fuel cells. In this respect, enabling direct electron
transfer from biomass components to the electrode surface is a crucial step. Indeed, the

electrochemical oxidation of soluble sugars on gold or silver electrodes under alkaline
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conditions has been reported, leading to the development of sugar-based fuel cells.
However, as far as we are aware, there are no reports on direct utilization of
complicated polysaccharides such as cellulose. The electrochemical characteristics of
cellulose have not been studied mostly because of their rigid crystalline structure. Since
dissolution of cellulose is possible under certain conditions, we considered it possible to
exploit the present cellulose dissolution protocols and, develop an analytical technique
in which cellulose can be oxidized directly on an electrode surface. Main results in each

chapter are summarized as follow.

In chapter 2, direct electrochemical oxidation of dissolved cellulose was achieved on
gold electrode. To the best of our knowledge, this is the first report of the basic
characteristics of electrochemical oxidation of cellulose under alkaline conditions. A
fuel cell was constructed successfully and evaluated. We nano-particulated cellulose and
managed to increase the current generated. This cellulose based fuel cell system
generated both the electric energy, and cellulose derivatives without saccharification and
fermentation prbcesses. These experiments present initial but important steps in the
utilization of cellulose for electrical power generation. The fuel cell system is simple,
less labour-intensive, and is economical with regard to both reagents and time. This
proof-of-concept study raises new possibilities for utilization of biomass constituents,

and could lead to the development of a sustainable biomaterial-based industry.

In chapter 3, we report the production of water-soluble cellulose derivatives from
water-insoluble cellulose using electrochemical oxidation on gold, under the alkaline

conditions. We characterized the structure of the derivatives using XRD, FTIR, and SEC
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techniques. The results suggest that some hydroxyl groups on cellulose molecule are
oxidized into the carbonyl groups due to electrochemical oxidation. We further
demonstrated that these oxidized cellulose derivatives are more readily degraded by
cellulase enzymes more readily than the original cellulose. In addition, the calculation
of electron transfer during electrochemical oxidation process between cellulose
molecule and gold electrode revealed it to be a multiple electron transfer reaction
process. These results have direct application to the development of a novel cellulose
refinery technology with simultaneous electricity generation and production of
water-soluble cellulose derivatives. To be able to utilize cellulose, one of the major
constituents of biomass- yet very hard to directly tap into- should be considered a key

contribution to bio-refinery in the near future.

In chapter 4, I claim successful construction of a bio-inspired catalyst based on the
CNT matrix functionalized with carboxylate groups. This nanostructure is capable of
catalyzing sugar degradation reaction by cleaving the B-1,4-glycosyl bonds of the sugar
substrate by the same way as the natural cellulase. Our construct successfully mimicked
the active center of the sugar degrading B-glycosyl hydrolases. The catalyst functioned
optimally at pH ~3.0. Our work will allow for the construction of an array of artificial
catalysts that mimic the conformation of the active centers of enzymes, for which the
structure—catalysis relationships are already known or at least can be partially
speculated. With some improvement, such bio-inspired catalysts can be used in
bioprocess industries, especially in bio-energy conversion, thereby avoiding the use of
hazardous microbial cultures or expensive natural enzymes. Recently, for on-site

utilization of biomass, a unique fuel cell was developed capable of generating electricity
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directly from cellulose.’> We propose that the integration of this artificial catalyst with a
direct energy conversion system that will enable us to use biomass from ubiquitous
sources, for example, wastes, as a fuel for generating electricity. Moreover, such
constructs can be used for systematic evaluation of the functional individual parts of
complex enzyme conformations to gain a better insight into the mechanisms of
enzymatic activity.

This novel bio-mimetic approach can enhance the scientific understanding of synthetic
catalysis, natural catalytic processes, which will, in turn, provide information related to

macroscopic biological networks.
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