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Reproduction of image from ref. 46 with permission from American Chemical Society (© ACS 2010)
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Fig. 16. Transmission electron microscopy image of nanofibers prepared from TEMPO-oxidized cellulose with
1.5 mmol/g carboxylate content by mechanical disintegration in water. The TEMPO-oxidized cellulose
was prepared from hardwood bleached kraft pulp by a TEMPO/NaBr/NaClO system at pH 1044).
Reproduction of image from ref. 44 with permission from American Chemical Society (© ACS 2007)
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Fig. 19. Relationship between reaction time and either carboxyl/aldehyde content or degree of polymerization
of oxidized products prepared from hardwood bleached kraft pulp by a TEMPO/NaClO/NaClO,
system under neutral conditions>)
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Fig. 20. Transmission electron microscope images of nanofibers prepared from TEMPO-oxidized cellulose
with 0.8 mmol/g carboxylate content by mechanical disintegration in water. The images were taken by
the diffraction contrast method. The TEMPO-oxidized cellulose was prepared from hardwood
bleached kraft pulp by a TEMPO/NaCIO/NaClO; system under neutral conditions®®). Reproduction of
image from ref. 56 with permission from American Chemical Society (© ACS 2009)
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Fig. 23. Transmission electron microscopy image of nanofibers prepared from TEMPO-oxidized cellulose with
1 mmol/g carboxylate content by mechanical disintegration in water. The TEMPO-oxidized cellulose
was prepared from softwood bleached kraft pulp by electro-mediated oxidation with 4-acetamido-
TEMPO under neutral conditions®®). Reproduction of image from ref. 68 with permission from
Springer (© Springer 2011)
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Fig. 24. Relationship between carboxylate content and nanofiber yield of TEMPO-oxidized softwood bleached
kraft pulps prepared using different TEMPO derivatives by the NaBr/NaClO system at pH 1069,
Reproduction of image from ref. 69 with permission from Elsevier (© Elsevier 2010)
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75 with permission from American Chemical Society (© ACS 2009)
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Fig. 30. Time-dependent changes in water-contact angle on TOCN and alkylketene dimer-treated TOCN
films’5). Reproduction of image from ref. 75 with permission from American Chemical Society (©
ACS 2009)
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Table 2. Comparison between TOCN, MFC and NCC
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Boum, EIESIEE <3%, 18 A7 4 7k, & <100nm
RS - REOAHIEAER  BERSEE <3% s, —IERAEAR, K
il B

figgh T A L — < 2kwh/kg 200-400kwh/kg ?

D FH e B 45 B aEHEOMO T ANY) aV Ry VHF /T4 aAVRIYy NS T4

TT7ANA, FRk 5 T—, AEBI F—, Sl
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A

B b R EENOYIEE 70 AR, Avz—F>, NFY, 7T ADKE
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7 F

DT OB AT IVEIEASND, Z ORRELRS % K THEMLIES 25 2 & T, NCC HIZH
BRIENAER L, F/ 5EbhsEk s n s 8182, 2ok, M- 31 OEFHEMEEH %55,
R —72 K& X O TROESFOIEA S ~ 10nm, £ 13 100nm PUFT7 A2 b Hid/h
SV, 2O —ZAOEEEDBRINKGHEE % 572012200 ~ 300 FRE LK T35, K508
BB X > THEIAKD L CHELT 5720, ZOMOHRHEEL CTHIEEE 2> Tnb, 20
NCC % F /M (714 95—) L LTHEHBEREEAMEE LCHHT 082, 755D
FPInnovation83), 75 > 2 CERMAV % Huls & L TRAMIZHED ST b,

—7%, A7 x—7®INNVENTIA, £ THEKY KTH), 741 ¥ 7 ¥ FOHEMTERZE
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RS 7 4 T NMEFERORSE &, BEAELIC X 2B EmEMBORE % EEEEH TE
BDTVD, A% x—5 2O INNVENTIA O 7V — 71, OARM SV T E2BBICHVEXFS 2 F
METHZET, 74 7)VEO~Y A F A EREEAGE ST/ 5HUCET B+ L ¥ —
BRI T 571 89, QWML T — BABT 5 2 & TR AL — ki3 5 1% 89,
@I FF+ rUES T e 74 7 ) IVEREIIHRE ST 7 AR IR S & TR AL F—
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TEMPOBSELO—RF/T7 41— SHAT4TYLAERILO—Z (MFC) -r/%*aatmu—xmcc CNW, CNC) |
(TOCN) -~ i _ i .

i.-d }'\: "‘"F-‘ At
- 31 TOCN, MFC, NCC D&MD %\ Mm% 54481
Fig. 31. Electron microscopy or optical images of TOCN, MFC and NCC (CNW or CNC)>44.81), Reproduction
of images from ref. 44 and 81 with permission from American Chemical Society (© ACS 2007) and
Springer (© Springer 1998), respectively
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Nanocellulose — for the
first time on a large scale

The sormeldi Fore miloe wleoe foo o i
ENE ¥Widi i 5 Tirae |.r||u|. piant 1or proaucio

of nanocellulase inaugurated

Great interest in pilot =
plant for nanocellulose |
production

M- 32 A7 x—7 > INNVENTIA T 2011 £ 2B L 7= Hi# 100kg D/ o — 28 ET T 2+ EFS
NBF/ Lva—ABLOEHT 1 L4 8D

Fig. 32. The pilot plant to produce 100kg nanocellulose per day, installed in INNVENTIA, Sweden, the
nanocellulose and transparent film produced3”)
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A DFHLE BB 2 O TV B, - 31121, THI O MFC OGESEMSEE (% 2R 4o —5
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e N7\ ™ ANIEVA—RAELVIERMREE —

Y TEMPORIEEA (L
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Fig. 33. Model structure of wood cellulose microfibril, and mechanisms of efficient TEMPO-mediated
oxidation and the following nano-fibrillation in water>)
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TEMPO®{t/ LT
HILARFTILEE 1.5 mmol/g

Z -

- 34 JREMIFEEHZ 7 b3ty 70 TEMPO filt 5 Bz AL 10 2 0 G F BB W 5. 7 VK F 2V EES I
0.06mmol/g %> % 1.5mmol/g |31 44)

Fig. 34. Optical microscope images of hardwood bleached kraft pulps before and after TEMPO-mediated
oxidation. Carboxylate content increased from 0.06 to 1.5 mmol/g by the oxidation, and images were
taken in water*®). Reproduction of image from ref. 44 with permission from American Chemical
Society (© ACS 2007)
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ERIIIMNLT (19)

7K, 100 mL
______ > TEMPO, 0.0125 g };,

NaBr, 0.125 g

NILTDKPELGE (pH 10, EB)

EIUREFI A NaClO Ki&i&
[ 0.4M NaOH Ki&#& TpH10%#i s
(NaOHﬁ;ﬁﬁu‘;@éifpmov#%#>
O — TEMPO |
N {Nwll-%ﬁ% R Kk igid
! NaBr \l
Rt TEMPO E&1tt )L n—R K

=35 KRH7OVT A5 pHI0 © TEMPO/NaBr/NaClO S iz k12 & 2 TEMPO Bfbt )V 1 — Z OF#H 2
¥ — 4 & EHEE A S O TEMPO OEITHAFH )

Fig. 35. Preparation scheme of TEMPO-oxidized cellulose from bleached kraft pulp by a TEMPO/NaBr/
NaClO system at pH 10 and recycling of TEMPO from washing effluent>)
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Fig. 36. Changes in the chemical structure of various polysaccharides by TEMPO-mediated oxidation in water
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TOEILO—RE—X
ALERESJLEE 0.2 mmol/g

FHETEMPORE B B b
AILHRFDJLEE 1.9 mmol/g

M-37 zu< 7774 —HOfELLO—ZE—X~OH%TO TEMPO/NaCIO/NaClO; it #% T
DB WS 5 9

Fig. 37. Scanning electron microscopy images of cellulose beads for chromatography before and after
oxidation by a TEMPO/NaClO/NaClO; system under neutral conditions?). Reproduction of image
from ref. 92 with permission from Springer (© Springer 2009)
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- 38 SSERMEHCRREULELT 2 2 TIES NG B- ¥ F 2 7 7 A N — OB B E )
Fig. 38. Transmission electron microscopy image of chitin nanofibers prepared by disintegration of purified
B-chitin in water at pH 3-4%0). Reproduction of image from ref. 93 with permission from American

Chemical Society (© ACS 2008)

B -39 HIIHLT 2 F VAL L7z a- FF 2 2 EREP TR T 52 2 L ICK D BOND a-FF S
7 7 A N— OB ST 5 O

Fig. 39. Transmission electron microscopy image of chitin nanofibers prepared from partially de-acetylated
o -chitin by disintegration in water at pH 3-494). Reproduction of image from ref. 94 with permission

from Elsevier (© Elsevier 2010)
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Fig. 40. Overall concept of wood biomass utilization cycle to high-tech materials and devices using TEMPO-
oxidized cellulose nanofibers for establishment of a sustainable society!-4)
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Summary

Selective conversion of primary hydroxyls of polysaccharides to carboxyl groups can be
achieved by TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl radical)-mediated oxidation in water
under moderate conditions. Fundamental and application studies of TEMPO-oxidized cellulose
nanofibers and their related researches are reviewed primarily based on the results obtained in our
laboratory and by collaborations. When TEMPO-mediated oxidation in water is applied to
bleached wood kraft pulps for papermaking, C6-carboxylate groups are efficiently and position-
selectively formed on surfaces of wood cellulose microfibrils. TEMPO-oxidized wood celluloses
having sufficient amounts of sodium carboxylate groups can be converted to individualized
cellulose nanofibers with almost uniform widths of 4 nm and lengths >1 pm by mild mechanical
disintegration in water. Electrostatic repulsion and/or osmotic effect efficiently work between
anionically charged TEMPO-oxidized wood cellulose microfibrils, resulting in the formation of
the individual nanofibers with high aspect ratios and high crystallinity. Cast films prepared from
the TEMPO-oxidized cellulose nanofiber (TOCN)/water dispersions have high optical
transparency, extremely low oxygen permeability, low thermal expansion coefficients, high
strengths and other unique properties. The new cellulose-based nanofiber films are expected to be
applied as transparent packaging materials with high oxygen barrier for foods and medicines,
flexible display panels, electronic devices, health cares and others. Thus, TOCNs prepared from
abundant wood biomass have great potential as novel bio-based nanofibers in state-of-the-art
material fields required for establishment of sustainable society.
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