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Figurel-1
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Figure 1-1 Global production quantities of plastics.
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1-2

2003 Cargill Dow

Nature Works (PLA)
PLA CO2
(Vink et al. 2003) PLA
(Tm178 ) (Tg57 )
(Serizawa et al. 2006; et al. 2011)
(PHB) PLA Tm (176 ) Ty 4 )
PHB 1980 ( et al. 1995)
1990
1.3GPa (Iwata et al.
2004) 2009 PHB (PHH)
(PHBH)
11- 11 (Bio-PA)
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(Bio-PC)
(PBS)
PBS 40% 2015
(Bio-PE)
(Bio-PET30)
(Figure 1-2)
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Figure 1-2 Global production capacities of bioplastics.
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Figure 1-3 Process rotes of bioplastics.
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(CAB)
(Short Chain
Céllulose Ester: SCCE) 1920 1940
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(Heinze and Liebert 2001; Klemm et al. 2005)
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Figure1-4
(PP) (HDPE) (HIPS)

(PC) (ABS)
(PBT) (CA, CAP)

Figure 1-4 1zod impact strengths and bending strengths of several plastics.
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~ 260
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60 10~ 30% Figure1-4
24 2~3%
1%
SCCE
1-3-2
(Long Chain Cellulose Ester: LCCE) 1950
Mam Mam 1,4-
2 16
LCCE
LCCE (Mam et al. 1951a)
2 16 72MPa 5MPa
7.8% 0.2%
8
LCCE (Mamet al.
1951b)
1980 LCCE
LCCE
(TFAA) (Morookaet al. 1983;
Morooka et al. 1984) N,N- (DMAC/LICIl) (Crépy et al.

2011; Glasser et al. 1995; Samaranayake and Glasser 1993; Sedley et al. 1996)
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(Huang et a. 2011) LCCE

LiCl
(Edgar et al. 2001)

™

(Huanget al. 2012)

LCCE

1-3-3

Isogai (SO2)-

(DM SO) (NaOH)
(Isogai et al. 1986)

(Tanakaet al. 2013) (Roy et al. 2009) CA

(Teramoto and Nishio 2003) € (Yoshioka et a. 1999)

(Nie and Narayan 1994)
DMAC/LICI

(Yan et a. 2009) (Enomoto-Rogers et a. 2009)
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(LDPE)

(Crépy et a. 2009; Joly et a. 2005)
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(Iji et a. 2011; lji et a. 2013)
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(Phani Kumar et al. 2002)

3-
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(CAPA) (Scheme 1-1) CAPA
CAPA
CA
(Figure 1-6)

(Kiuchi et al. 2014; Soyama et al. 2014)

Tanaka CAPA
2013)
Toyama CAPA

(Toyamaet a. 2015) Figurel-7
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kJ/m?)

90 1/10
5.0 kJ/m?

Scheme 1-1 Synthesis of cellulose acetate-3-pentadecyl phenoxyacetate (CAPA).

Figure 1-5 Schematic of cellulose acetate-3-pentadecyl phenoxyacetate (CAPA).
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Strength Bending strength (MPa) Heat Resistance Glass Transition
100 L 150 Temp. (Ty) (°C)
75 - 100 ™
50 \
50 |
25 ¢
0 0
CAPA Conventional  ABS resin CAPA Conventional ABS resin
celluloseresin* (petroleum-based) cellulose resin*®
Water Resistance | \vater absorption(wt%)** | Plant Component Ratio | (wt%)
40 > 5% 100 |-
3.0 75 |-
20 50 |- \
101 25
Il m |
CAPA Conventional  ABS resin CAPA Conventional ABS resin

cellulose resin*

Figure 1-6 Characteristics of CAPA (DSa = 0.5, DSac = 2.1).

*)CDA with 29wt% of plasticizer:triethylcitrate (TEC).

Figure 1-7 Flow chart of two-step heterogeneous process.

13

cellulose resin*

**)Soaking for 24 hours at r.t.



1-5

DMAC/LICI

1w/iv%

(CAPA)
CAPA

CAPA CAS

14



15



Crépy L, Chaveriat L, Banoub J, Martin P, Joly N (2009) Synthesis of Cellulose Fatty Esters as
Plastics—Influence of the Degree of Substitution and the Fatty Chain Length on Mechanical
Properties, ChemSusChem 2:165-170 doi:10.1002/cssc.200800171

Crépy L, Miri V, Joly N, Martin P, Lefebvre J-M (2011) Effect of side chain length on structure and
thermomechanical properties of fully substituted cellulose fatty esters, Carbohydr Polym
83:1812-1820 doi:10.1016/j.carbpol.2010.10.045

Edgar KJ, Buchanan CM, Debenham JS, Rundquist PA, Seiler BD, Shelton MC, Tindall D (2001)
Advances in cellulose ester performance and application, Prog Polym Sci 26:1605-1688
doi:10.1016/s0079-6700(01)00027-2

Edgar KJ, Pecorini TJ, Glasser WG (1998) Long-Chain Cellulose Esters. Preparation, Properties, and
Perspective. In:  Cellulose Derivatives, vol 688. ACS Symposium Series. American
Chemical Society, pp 38-60. doi:10.1021/bk-1998-0688.ch003

Enomoto-Rogers Y, Kamitakahara H, Takano T, Nakatsubo F (2009) Cellulosic Graft Copolymer:
Poly(methyl methacrylate) with Cellulose Side Chains, Biomacromolecules 10:2110-2117
doi:10.1021/bm900229g

Fuyuno | (2007) Plastic promises, Nature 446:715-715

Glasser WG, Samaranayake G, Dumay M, Davé V (1995) Novel cellulose derivatives. 111. Thermal
analysis of mixed esters with butyric and hexanoic acid, J Polym Sci, Part B: Polym Phys
33:2045-2054 doi:10.1002/pol b.1995.090331406

Heinze T, Liebert T (2001) Unconventional methods in cellulose functionalization, Prog Polym <ci
26:1689-1762 doi:10.1016/s0079-6700(01)00022-3

Hu H, Li H, Zhang Y, Chen Y, Huang Z, Huang A, Zhu Y, Qin X, Lin B (2015) Green mechanical
activation-assisted solid phase synthesis of cellulose esters using a co-reactant: effect of chain
length of fatty acids on reaction efficiency and structure properties of products, RSC Advances
5:20656-20662 doi:10.1039/C5RA02393A

Huang K, XiaJ, Li M, Lian J, Yang X, Lin G (2011) Homogeneous synthesis of cellulose stearates
with different degrees of substitution in ionic liquid 1-butyl-3-methylimidazolium chloride,

Carbohydr Polym 83:1631-1635 doi:http://dx.doi.org/10.1016/j.carbpol .2010.10.020

16


http://dx.doi.org/10.1016/j.carbpol.2010.10.020

Huang Z, Tan Y, Zhang Y, Liu X, Hu H, Qin'Y, Huang H (2012) Direct production of celluloselaurate
by mechanical activation-strengthened solid phase synthesis, Bioresour Technol 118:624-627
doi:http://dx.doi.org/10.1016/j.biortech.2012.05.082

lji M, Moon S, Tanaka S (2011) Hydrophobic, mechanica and thermal characteristics of

thermoplastic cellulose diacetate bonded with cardanol from cashew nutshell, Polym J
43:738-741 doi:10.1038/pj.2011.57

lji M, Toyama K, Tanaka S (2013) Mechanical and other characteristics of cellulose ester bonded
with modified cardanol from cashew nut shells and additional aliphatic and aromatic
components, Cellulose 20:559-569 doi:10.1007/s10570-012-9832-z

Isogai A, Ishizu A, Nakano J (1986) Preparation of Tri-O-alkylcellulose by the use of a nonagueous
cellulose solvent and their physical characteristics, J Appl Polym Sci 31:341-352
doi:10.1002/app.1986.070310205

Iwata T, Aoyagi Y, Fujita M, Yamane H, Dai Y, Suzuki Y, Takeuchi A, Uesugi K (2004) Processing
of a Strong Biodegradable Poly[(R)-3-hydroxybutyrate] Fiber and a New Fiber Structure
Revealed by Micro-Beam X-Ray Diffraction with Synchrotron Radiation, Macromol Rapid
Commun 25:1100-1104 doi:10.1002/marc.200400110

Joly N, Granet R, Branland P, Verneuil B, Krausz P (2005) New methods for acylation of pure and
sawdust-extracted cellulose by fatty acid derivatives—Thermal and mechanical analyses of
cellulose-based plastic films, J Appl Polym Sci 97:1266-1278 doi:10.1002/app.21783

Kiuchi Y, SoyamaM, lji M, Tanaka S, ToyamaK (2014) Improvement in impact strength of modified
cardanol-bonded cellulose thermoplastic resin by using olefin resins, J Appl Polym Sci
131:n/a-n/a doi:10.1002/app.39829

Klemm D, Heublein B, Fink H-P, Bohn A (2005) Cellulose: Fascinating Biopolymer and Sustainable
Raw Material, Angew Chem Int Ed 44:3358-3393 doi:10.1002/anie.200460587

Mam CJ, Mench JW, Kendall DL, Hiatt GD (19514a) Aliphatic Acid Esters of Cellulose. Preparation
by Acid-Chloride-Pyridine Procedure, Industrial & Engineering Chemistry 43:684-688
doi:10.1021/ie50495a033

Mam CJ, Mench JW, Kendall DL, Hiatt GD (1951b) Aliphatic Acid Esters of Cellulose. Properties,
Industrial & Engineering Chemistry 43:688-691 doi:10.1021/ie50495a034

MorookaT, Norimoto M, YamadaT, Shiraishi N (1983) Viscoel astic Properties of Cellulose Acylates,

17


http://dx.doi.org/10.1016/j.biortech.2012.05.082

Wood research 69:61-70

Morooka T, Norimoto M, Yamada T, Shiraishi N (1984) Dielectric properties of cellulose acylates, J
Appl Polym Sci 29:3981-3990 doi: 10.1002/app.1984.070291230

Nie L, Narayan R (1994) Grafting cellulose acetate with styrene maleic anhydride random
copolymers for improved dimensional stability of cellulose acetate, J Appl Polym Sci 54:601-
617 doi:10.1002/app.1994.070540511

Phani Kumar P, Paramashivappa R, Vithayathil PJ, Subba Rao PV, Srinivasa Rao A (2002) Process
for Isolation of Cardanol from Technical Cashew (Anacardium occidentale L.) Nut Shell
Liquid, J Agric Food Chem 50:4705-4708 doi:10.1021/jf020224w

Possidonio S, Fidale LC, El Seoud OA (2010) Microwave-assisted derivatization of cellulose in an
ionic liquid: An efficient, expedient synthesis of simple and mixed carboxylic esters, J Polym
i, Part A: Polym Chem 48:134-143 doi:10.1002/pola.23770

Roy D, Semsarilar M, Guthrie JT, Perrier S (2009) Cellulose modification by polymer grafting: a
review, Chem Soc Rev 38:2046-2064

Samaranayake G, Glasser WG (1993) Cellulose derivativeswith low DS. |. A novel acylation system,
Carbohydr Polym 22:1-7 doi:http://dx.doi.org/10.1016/0144-8617(93)90159-2

Seadley JE, Samaranayake G, Todd JG, Glasser WG (1996) Novel cellulose derivatives. |V.

Preparation and thermal analysis of waxy esters of cellulose, J Polym Sci, Part B: Polym Phys
34:1613-1620 doi:10.1002/(sici)1099-0488(19960715)34:9<1613::aid-polb10>3.0.co;2-a

Serizawa S, Inoue K, lji M (2006) Kenaf-fiber-reinforced poly(lactic acid) used for electronic
products, J Appl Polym Sci 100:618-624 doi:10.1002/app.23377

SoyamaM, Kiuchi Y, lji M, Tanaka S, ToyamaK (2014) Improvement in impact strength of modified
cardanol-bonded cellulose thermoplastic resin by adding modified silicones, J Appl Polym Sci
131:n/a-n/a doi:10.1002/app.40366

Stevens C, Verhé R (2004) Renewable Bioresources. Scope and Modification for Non-Food
Applications. John Wiley & Sons,

Tanaka S, Honzawa H, 1ji M (2013) Development of cardanol-bonded cellul ose thermoplastics: High
productivity achieved by using isocyanate-modified cardanol, J Appl Polym Sci 130:1578-
1587 doi:10.1002/app.39313

Teramoto Y, Nishio Y (2003) Cellulose diacetate-graft-poly(lactic acid)s: synthesis of wide-ranging

18


http://dx.doi.org/10.1016/0144-8617

compositions and their therma and mechanical properties, Polymer 44:2701-2709
doi:10.1016/s0032-3861(03)00190-3

Toyama K, Soyama M, Tanaka S, lji M (2015) Development of cardanol-bonded cellulose
thermoplastics: high productivity achieved in two-step heterogeneous process, Cellulose
22:1625-1639 doi:10.1007/s10570-015-0601-7

Vaca-Garcia C, Borredon ME (1999) Solvent-free fatty acylation of cellulose and lignocellulosic
wastes. Part 2: reactions with fatty acids, Bioresour Technol 70:135-142 doi:10.1016/s0960-
8524(99)00034-6

Vaca-Garcia C, Thiebaud S, Borredon ME, Gozzelino G (1998) Cellulose esterification with fatty
acids and acetic anhydride in lithium chloride/N,N-dimethylacetamide medium, J Amer QOil
Chem Soc 75:315-319 doi:10.1007/s11746-998-0047-2

Vink ETH, Rabago KR, Glassner DA, Gruber PR (2003) Applications of life cycle assessment to
NatureWorks™ polylactide (PLA) production, Polym Degrad Sab 80:403-419
doi:http://dx.doi.org/10.1016/S0141-3910(02)00372-5

Yan C, Zhang J, LvY, Yu J, Wu J, Zhang J, He J (2009) Thermoplastic Cellulose-graft-pol y(I-lactide)

Copolymers Homogeneously Synthesized in an lonic Liquid with 4-Dimethylaminopyridine
Catalyst, Biomacromolecules 10:2013-2018 doi:10.1021/bm900447u

Yoshioka M, Hagiwara N, Shiraishi N (1999) Thermoplasticization of cellulose acetates by grafting
of cyclic esters, Cellulose 6:193-212 doi:10.1023/a:1009221730934

, : , : , : (2011)
: 68:370-381
doi:10.1295/koron.68.370
(2000) - n: (ed)
, pp 49-65
(2003) n: (ed)
pp 12-18
it (2015) . In:
, Pp 241-245
: , , : (1995) . n:
(ed) . , pp 178-212

19


http://dx.doi.org/10.1016/S0141-3910

(2000)
, pp 35-48
(2008)

(ed)

, pp 3-60

20



21



2-1

(PA)
-3 CAPA lj
(lji et al. 2011)
1-4
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(CDA) PA
(PA-CDA)
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(Vaca-Garcia et al. 1998)

(Edgar et al. 1998)
LiCl

(Edgar et a. 2001; Freire
and Gandini 2006)
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PA Ac

22



CAPA

CAPA

23

12



2-2

2-2-1
KC
“ W-50GK” 1300 35 %
45 um (3-
pentadecylphenoxy acetic acid: PAA) 3-
> 90wt% > 99%, ACROS Organics Co.

(Toyama
etal. 2015) N,N- (DMF) N- (NMP)
N,N- (DMAC) (Py) (THF)

(PC) (DMSO) (TEA)
(HMPA) 2-
N,N- (DMAP) Sigma-Aldrich
2-2-2
3- (PA)
(Ac)
(PA/Ac) PA/Ac
(PAA) 40.2 g (111 mmol, 3eg/AGU (anhydroglucose unit))
21 ml (222.2 mmol, 6eq/AGU) 100 1
Scheme 2-1 NMR
43.0mol% PA/Ac 20.8mol% PAA 2.0mol%

242 mol% PAA 10.0 mol%
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0]

J_o CysH o 9
a Ho \©/1531+b)l\0)1\—>

3-Pentadecylphenoxy acetic acid (PAA)  Acetic anhydride

o O o O
x )I\O)I\/O\©/015H31 +y C15H31\©/0\)]\OJ\/0\©/C15H31

PA-Ac mixed anhydride Anhydride of PAA

0

0 © 0
+(b=x—-y) J__I_ +(@=x=2y)Ho O\©/C15H31 +(x+2y) I
C OH

Scheme 2-1 Preparation of long and short mixed anhydrides.

o O
/u\o/u\
Acetic anhydride

o O Ie}
OH o

O. CisH
o ) L2 PN U 1sHar . DMAP RO\

Various solvents _
PA-Ac mixed anhydride R=H,Ac,

(I:l) n
o o —C O CisHaq
C15H31\©/OJI\OJ\/O\©/C15HS1 \(j
- /

Anhydride of PAA

Mixture of anhydride

Scheme 2-2 Synthesis of cellulose-acetate-3-pentadecyl phenoxyacetate (CAPA) in

heterogeneous process.

25



2-2-3 -3- (CAPA)

Scheme 2-2 12
DMF -3-
(CAPA)
6% 6.0g(37.0mmol/AGU)
90 ml 24 90 mm No.5B
90 ml 24 90 ml 24
14 g
DMAP3.0g DMF 150 ml 100 15
CAPA
60
15L 60
2- 200ml 3 105 5 CAPA (12.6 g)
(DS) (FTIR)
(DS») 0.57 (DSa) 1.8 FTIR DS
2-2-6 DS 78 wt%
(Relative polarity: EN) (Donor number: Dy)
Figure2-1
12
THF DMSO PC TEA DMF NMP
DMAc Py HMPA
Dn - 30 Py HMPA
TEA
DMF (150 ml)
100 15 CAPA 100
THF TEA THF: 66 TEA:
90 1 61
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Figure 2-1 Solvents investigated in this study.

Figure 2-2 Fractionation of CAPA including various esterified level and molecular weight.

2-2-4 CAPA

CAPA
(Figure 2-2)
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15 ml 02g 15 ml
(2000rpm, 5 min)
15 ml
2-2-5
FTIR FTIR-4100 KBr
(NMR) NMR EX-400
(CDCl5)
(DSC) DSC6200/EX STAR6000
(50ml/ ) -100 230 10 / 3
(First run) 50 / -100
3 250 10 / (Second run)  Second run
(To)
VX-2000
X (WAXD) X RINT 2000 40
kv 40 mA A=0.15418nm X
SA-303-11-S
200 um 200
Instron INSTRON 5567
(ASTM)D790 210
24mm x 80mm x 12.4mm
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2-2-6 DS

CAPA DS
FTIR FTIR 1050cm™
c-O 1586 cm!
DS(DS) 1750 cm' C=
DS (DStota)
DS CDA
CAPA (PA-CDA) NMR  FTIR
CAPA (PA-CDA)
(Toyamaet al. 2015)
DS NMR
DS, = x| 5086
(Bx 5055 —2% l55g6)
S, = Txlsg 05
(Bx 153055 —2%15086)
lsoss  ©0.86 PA l53.0-55
6 3.0 0 5.5 6 3.0 d 5.5
PA
ls1822 1.8 522
2-2-7 (Liquid retention value: LRV)

(LRV)
(Mantanis et al. 1995)
LRV
LRV
5B, 40 mme, 2%
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LRV

LRV (VO|%)=W_W°

o X

30

=x100
d



(Peydecastaing et al. 2011; Vaca-Garcia and Borredon 1999) Toyama

CAPA

CAPA

2-3-1 CAPA FTIR

PA

Figure 2-3

AcC
(2800 ~ 2900 cm™)

CAPA

FTIR
FTIR

PA
CH

1586 cm*
PA

(PAA) PA/Ac
(Toyamaet al. 2015)

CAPA

Ac

NMP CAPA
3400 cm™

PA
1750cm™?
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PA

Ac
Cc-O (1050 cm™)
(1586, 1750 cm' %) CAPA DS (DSm, DS

Figure 2-3 FTIR spectra of native cellulose (0 hr) and CAPA (6 and 12 hr)

Figure 2-4 (a) DS of long chain moitety (DSea), and (b) DS of short chain moiety
(DSac) with severa solvents, calculated with FT-IR.
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Figure 2-4 CAPA PA DS (DSm) Ac

DS(DSac) Figure 2-4(a) DS»
PA
Figure 2-4(b) DSac DS
DS
DS DSac
12 CAPA DS Table2-1 (Middle basictype)
DMF NMP DMAc Py HMPA DS~ 05
PA PA
DMF
(Klemmet al.
2004)

Table 2-1 Various parameters and LRV of solvents, and DS of CAPA (reaction time: 12 h).

Ry DS of CAPA
Group Solvent D@ A®  ENC [vol%] (FT-IR)

DSxc DSpa

Ether type Dioxane 14.8 10.8 0.164 93+10.3 1.8 0.36
Hrherove THE 200 80 0207 70£93 16 _ 011

High polar type C 15.1 183 0.472 86+£2.2 1.3 0.21
igh polar ype DMSO_ 298 193 0444 180463 12 0I5
High basic ype TEA 6L — 0043 6117 22 004

DMF 26.6 16.0 0.386 12942 1.8 0.57

. . DMAc 27.8 13.6 0.377 112127 2.0 0.55

tl\;[;‘idle basic \vip 273 133 0355 10427 2.1 053

Py 33.1 142 0.302 109%+12.1 1.8 0.48
I HMPA 388 106 0315 8325 18 014

Low basic type Benzonitrile  11.9 15.5 0.333 84+0.8 1.4 0.11

Chloroform — 23.1 0.259 74+3.6 1.2 0.06

a) Donor number, b) Acceptor number, c) Relative polarity (empirical solvent parameter)
d) Liquid retention value
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Figure 2-5 Correlation between DSea of CAPA and liquid retention value.

2-3-2
(LRV)
LRV
p 0.94

LRV

Lucas-Washburn

Lucas-Washburn
Figure2-5
Figure2-5 DMSO

4(b) Table 2-1 DMSO

34

CAPA

Table 2-1

(Figure 2-5)

(Washburn 1921)
DS

Figure 2-
DS DSac



DMSO

Scheme2-3 DMSO PA/Ac
- NMR
DMSO
DS LRV

O O Acetic anhydride

1] |+ ‘\ |+
- —_—
/S\ /S\ /S\CH2 o)
i _
DMSO H\JOJ\
(@]
Ho)k
+\ O
/S\/O\"/ - /S\\CH2 —O)J\
0 w_/

a-acyloxy-thioether

Scheme 2-3 Pummerer rearrangement of DM SO and actic anhydride.

2-3-3 CAPA
CAPA (DSC)
Table 2-2 DMF  NMP DS CAPA 200 ~210

THF CAPA DSa
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Table 2-2 Mechanical and thermal properties of several CAPA.

Solvent FT-IR Bending DSC
Strength Modulus 7., 7, T,

DSsc DSonI\fpa]  [GPa]  [°C][)C][°C]
NMP 2.1 0.53 50 1.4 -21 131 235
DMF 1.8 0.57 47 1.3 —-19 132 238
Dioxane 1.8 0.31 — S 20 140 —
THF 1.6 0.11 — — — 150 —

Primary specification
for electronic devices

Figure 2-6 DSC thermograms of several CAPA (2nd run and +10 °C/min).

CAPA DSC Figure 2-6 Ty 130 ~ 150
CAPA DSa Ty
DS CAPA -20 (Tma)
PA
(Crépy et al. 2011) NMP DMF CAPA
(Tm2)
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CAPA Ac
WAXD
Figure 2-7(a) DMF NMP CAPA 210
(POM)
CAPA
(Figure 2-7(b))
NMP CAPA WAXD Figure 2-8
DMF CAPA Figure
2-8 20 = 18° 20 = 2.8° (d = 3.16 nm)
(Crépy et al. 2011; Yamagishi et al. 1991) °
(20=221°9 20 =34.6°
I 002 004
Figure 2-7(b)
20=8.1°10.4°13.1° o
(CTA)II (Roche et al. 1978)
CAPA
CTA
CTA 306 (Glasser et al. 1995)
CAPA DSC CDA (231 ) 235 ~ 240
Tm2 CAPA
CTAII
CAPA Tm CTA
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Figure 2-7 (a) Pressfilm of CAPA, and (b) its POM observations.

Figure 2-8 WAXD pattern of CAPA (solvents: NMP, DSac 2.1, and DSea 0.53). Closed circles:
the diffraction planes of cellulose I. Open circles: typical patterns of cellulose triacetate (CTA) I1.
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2-3-4 CAPA

CAPA
CAPA
CAPA
Figure2-9
CAPA DS p = 0.86
PA
PA
45.0 H
< 400 1 Py ¢ OlE\r:ide type
S M Ether type
p=0.86 *

:i/ 35.0 A NMP High polar type
E:% 30.0 + DMAC® ® High basic type
= %= 250 - O Low basic type
g2 DME®
:E’% 20.0 -

T o
< £ 15.0 A .HMPA

S Dioxane

o 100 1 DMSO

<ED THE

5.0 -
00 I O‘"'IQ """"" T T T T
0 0.1 0.2 0.3 0.4 0.5

DSgp, of bulk products (calculated by IR)

Figure 2-9 Correlation between weight ratios of chloroform-soluble fractions
and DS paof CAPA.
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DS
Figure2-10 DMF
Table2-3
DS (DSsoluble-ra, DSsoluble-Ac)

PC DMSO
DS (DSsolubiers) 1.5

CAPA DS

DS (DSsoluvle-ra)

(Relative polarity: EY)

'H NMR

CAPA
CAPA
DS (DSsoluble-Total)
DS (DSsoluble-Total) 3
Table 2-1
2-3-2

NMR

Figure 2-5

Table 2-3 DS of chloroform-soluble fractions (reaction time: 12 h) and relative
polarities of each solvent.

Chloroform-soluble fraction

Group Solvent ENG (*H NMR)
DS, Soluble-Ac DS Soluble-PA D SSoluble-Total
Ether type Dioxane 0.164 2.30 0.65 2.95
_________________ THE 0207 227 064 292
High polar type PC 0.472 1.52 1.56 3.08
_________________ DMSO 0444 122 164 286
High basic type TEA 0043283 014 297
DMF 0.386 2.32 0.76 3.08
. . DMAc 0.377 242 0.65 3.07
tl\;}‘)‘idlc basic N nip 0.355 2.43 0.63 3.06
Py 0.302 2.45 0.50 2.95
_________________ HMPA 0315 251 049 300
Low basic type Benzonitrile 0.333 1.03 1.97 3.00
Chloroform 0.259 n.d.® n.d.® n.d.®

a) Relative polarity (empirical solvent parameter)
b) The amount of chloroform-soluble fraction was too small for NMR analysis.
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OR

%o Ring proton: d
OR /,
o i
R= —&_o a e
C g\ y )
— h
% b
“CHj h
f

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 ppm

Figure 2-10 *H NMR spectrum of chloroform-soluble fractions

(reaction solvent: DMF, reaction time: 12h).

2-3-5
DS (D Ssoluble-Pa) (Relative polarity: EY)
Figure 2-11 EN -N-
1
0 (Reichardt 2004)
Figure2-11 EN D Ssoluble-PA
EY 04 PC DMSO
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CAPA DS (DSm) (Table 2-1)
DMAP

Figure 2-11 Correlation between relative polarity of solvent and

D Ssoluble-pa iN Various solvents.

DMAP
(TEA) DMAP (Berry etal.
2001)
(Sakakura et al. 2007) PC DMSO
DMAP DMAP
2-3-2
(Figure 2-9)
Figure 2-11 TEA D Ssoluble-ma

DMAP
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2-3-6

Figure2-12 (A)
(B)

DS
3 ©

CTAIl

PA
AcC

Figure 2-12 Conjectured schematic of heterogeneous process.
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CAPA
DMAP
DMF DMAc NMP Py
CAPA
FTIR DS2

DSC  WAXD

AcC
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FTIR

m CDA CAPA (PA-CDA)
Scheme 2-S1
3- (PAA-CI)
(Iji et al. 2011) 3- (PAA) 56(
(0.15mol) 450 ml 20ml (0.23 mal)
DMF (0.4 ml) 15
DMF PAA-CI 100% NMR

IH-NMR [DMSO-ds, ppm]:  0.86 (3H, R-CH3), 1.26 (24H, -(CH2)n-), 1.6, 2.5
(2H, -CH2-Ar), 4.60 (2H, -CH2-CO), 6.65-6.73 (1H, Ar-H), 6.75 (1H, Ar-H), 7.15 (1H, Ar-H))
PAA-CI (CDA)
CDA "LM-80" DSac21 109 200ml 90

5.0 ml (0.036 mol) PAA-CI 6.9 g (0.018 mol)
100 ml CDA 100 5
3L
15L 105
5 CAPA (PA-CDA) 96% NMR
DS DS 0.33, DSac 2.1
PA DS CAPA (PA-CDA) (DS 0.16 ~053)  PAA-C

m FTIR

PA Ac CAPA (PA-
CDA) FTIR DS
Figure 2-S1
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Cellulose
OH
e e
n
HO OH
Acetylation l
Cellulose diacetate (CDA)
OR
* O o>»*
\L% :
R1O OR{

R1=CH3CO or H

Cardanol
OH

PV VN

PN\ P

@\ R, = {/\/\/\/\/\/\/\
R

OH
i Hydrogenation

OCH,COOH l + CICH,COOH

OCH,COCI l + (COCl),

\ OR3 /
* %%o}* Esterification
n
R;0 R,0

OCH,CO

R;=CH;CO or H or

Cardanol-bonded cellulose diacetate

Scheme 2-S1 Homogeneous synthesis of CAPA (PA-CDA).

Figure 2-S1 Calibration curves for determining DS values from IR spectra: (@) long side

chain (PA group) and (b) short side chain (acetyl group).
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3-1

CAPA

40 t
(Iji et d. 2011; Phani Kumar et al. 2002)

(PA) (Scheme 3-1)

0]
HO\©/C15H27-31 Hs HO\©/C15H31 CICH,COOH HO)I\/O\©/C15H31
—_— ﬁ»

HCI

Cardanol 3-Pentadecylphenoxy

acetic acid (PAA)
Scheme 3-1 Synthesis of PAA.

17 t
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(Crépy et ad. 2011; Glasser et al. 1995; Mam et al. 1951a; Mam et al. 1951b; Morookaet al. 1984,
Samaranayake and Glasser 1993; Sealey et al. 1996)
(Vaca-Garcia et al. 1998; Wang and Tao 1999)

(Iji et al. 2013)

(PA) (St) St

18

(Ac)
DMAC/LiCl
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3-2

3-2-1
KC
“ W-50GK” 1300 35 %
45 um (3-
pentadecylphenoxy acetic acid: PAA) 3-
> 90wt% > 99%, ACROS Organics Co.
(Toyamaet
a. 2015) DMAc LiCl (SA)
2- N,N- (DMAP)
Sigma-Aldrich
3-2-2 DMACc/LICI -3-
(CAPA)
PA Ac
(CAPA) Scheme 3-2(a)
(PA/Ac)
PA/Ac
(PAA) 13.4~80.49 (37 ~ 222 mmol, 1 ~ 6 eq per anhydroglucose
unit (AGU)) 21.0 ml (222 mmol, and 6 eg/AGU) 100 1
Scheme 2-1
PA/Ac PAA
PAA PAA
NMR Table 3-S1
6% 6.0 g (37.0 mmol/AGU) 90 ml 24
90 mm No.5B DMAc
90 ml 24 DMAc90ml 24
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DMAC 149 8wt%

LiClI/DMAc 1949 100 1
DMAc 150ml
DMAc 120ml DMAP 3.0g 15 min
DMAc 150ml 15 min
100 6 PAA
2.5L 60 200ml 3
105 5 CAPA
NMR (DS) Table 3-1
3-2-3 DMAC/LICI - (CAS)
St Ac
(CAS) Scheme 3-2(b)
(St/Ac)
St/Ac
(SA) 31.6 ~ 126.3 g (111 ~ 444 mmol, 3 ~ 12 eg/AGU) 21.0 ml (222
mmol, and 6 eg/AGU) 100 1
3-2-2 PA/Ac
St/Ac SA SA
SA NMR
Table 3-S2
3-2-2 CAS
St CAPA
NMR (DS) Table3-1
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e o o ~

P

(a) Acetic anhydride

O O
o /U\OJ\/O CisH34 DMAP %o
%o + < > - = OR

OH /n PA/Ac mixed anhydride LiCI/DMAc

O -&_o CysH
15H31
C15H31\©/0\)j\0)l\/0\©/015*‘|31 he \©/
K Anhydride of PAA %

Mixture of anhydride

O O
(b) I

Acetic anhydride OR

OH o o o 0
0 DMAP RO
o P W S L, R/,
OH /,, LiCI/DMAc R=A
SA/Ac mixed anhydride C
o 0 " Cy7Hss

Ci7Hzs™ 07 “Cy7Hazs
- Anhydride of SA /

Mixture of anhydride

Scheme 3-2 Synthesis of CAPA (a) and CAS (b) with mixture of anhydrides

Table 3-1 Infeed and compositions of CAPA and CAS.

Infeed/AGU 'H NMR (CDCl,) Conversion Weight ratio
ratio of (WR) of
No. . . Note
PAA SA AcO DSpy DS DSxc DStotal long chain long chain
(%)* (Wt%)
CAPA1l leq —  6eq 0.4 — 26 3.0 40 34
CAPA2 2eq —  6eq 0.8 — 22 3.0 40 52 Partly gelatinized
CAPA3 3eq —  6eq 1.0 — 20 3.0 33 59 Gelatinized
_CAPA4__ 6eq  —___6eq _____ LS5 o 12 28 . 25 .71 Gelatinized
CAS1 — 3eq 6eq — 04 26 3.0 13 28
CAS2 — 6eq  6¢q — 0.7 23 3.0 12 42
CAS3 — 9eq  6¢q — 1.0 20 3.0 11 52
CAS4 — 12eq  6eq — 1.1 19 3.0 9.2 55

*) Ratio of long chain DS in the infeed amount.
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3-2-4

(NMR) NMR EX-400
(CDCl3)
(GPC) 10A-VP
RID-10A Simpack GPC-80MC x 2 GPC-
8025C 40 1.0 ml/
(TGA) TGA6200/EXSTARG000
(200mi/ ) 50 600 10 /
(20 mg) 120 0.5 1%
(Ta1%)
(DMA) DM S6200/EX STARG000
0.1,1,2,5,10Hz —-100 150 5
tan o
(Ta, Tp) 0.3x5x40 mm
SA-303-11-S 0.3 mm 210
(DSC) DSC6200/EX STAR6000
(50ml/ ) ~100 230 10 / 3
(First run) 50 / -100
3 250 10 / (Second run) Second run
X (WAXD) X RINT 2000 40
kV 40 mA A=0.15418nm X
(2.4 %80 x 12.4 mm) Thermoficher Scientific
HAAKE Minijet-1 210
Instron INSTRON 5567 (ASTM)D790
lzod A-4E
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C1l

3-2-5 DS

CAPA DS

0 0.86
855

l50.86

6 3.0

l51.8-22

lsoss o 0.86
055
018

03.0

l51.822 522

3-2-6

CAS

(JIS) K 7110

NMR
7x1
DS, = 50.86
(Bx 33055 — 2% 506)
DS, = Xl 51800
(Bxls3055 2% | 5066)
PA l53.0-55
0 3.0 055
PA
01.8 022
CAS DS NMR
DS, = 715086
3x 153055
DS, = Ix1s1600
3% 53055
St l53.0-55
(Edgar et al. 1998) CAPA

DS
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345.55 x DS

WA (W) = 12515 + 43.05% DSw + 345,55 D5« +00
st (W%) = 159.12 + 43.05% DSxc + 267.48% DSt
DS. CAPA CAS Ac DS DS» CAPA PA DS

CAS St DS
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3-3

3-3-1 CAPA CAS
DMAC/LICI
3 (PAA)
(SA)
(Peydecastaing et al. 2011; Vaca-
Garciaand Borredon 1999)

CAPA CAS DS 'HNMR Figure3-1
0.8-0.9 ppm 18-
2.1ppm
Figure3-1(b) c
Ce6, C3, C2
b, d
DS Table
31 CAPA CAS DS
3
DS
CAPA PAA
SA CAS
CAPA
(PA) —T PA
CH-—= CAPA2 CAPA3 CAPA4
DSC
CAPA2 GPC
(Mn = 13.1 x 10  CAPA2 +

(Mn = 4.3 x 10%)
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(a) OR
o O Ring proton: d
RO
OR /,
Q a e i
R= —CvO
c g\ )
! h
0 — h
Il b
“CH,4
f
i
|
c+d f }j
* |
ab e | (
8.0 7.0 6.0 5.0 40 3.0 20 10

Figure 3-1 'H NMR spectra of sample CAPA3 (a) and sample CAS2 (b).
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Figure 3-2 Reactivity comparison between PAA and SA.

Figure 3-2
PA

St 9.2~13%

CAPA CAS
C6
BCNMR

CAPA3

1999)
Figure3-3
CAPA, CAS

PA

DS
(Table 3-1)

CAS2

DS

13C
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PA

PA

NMR
(170 ppm

)

(SH)
SA
25 ~ 40 %
PAA, SA
322 323
PA St
PA
PA

(Marson and El Seoud



PA PA
B 0CO

CAPA3 (Figure3-3(a)) 168.7,

168.1, 167.6 ppm C6, C3,C2
PA CAS2 (Figure 3-3(b)) 173.1,173.5,
171.9 ppm C6, C3, C2 St

CAPA CAS

(Fox et a. 2011; Iwata et al. 1992)

(Xu et a. 2011) PA St

Figure 3-3 ¥C NMR spectra of carbonyl
carbonsin CAPA3 (a) and CAS2 (b).
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Table 3-2 Thermal properties of CAPA and CAS.

TGA DSC DMA
No. DSpy  DSs¢ DSsc Ty Tim AHy, Ty AHp Iy Ty

[°C] [°C] [V/g] [[Cl [g] [*C] [°C]
CAPA1 04 — 26 286 — o — — -34 142
CAPA2 0.8 — 22 315 =22 75(239) 144 2.1 -29 135
CAPA3 1.0 — 2.0 311 -9 10.2(28.5) 150 3.3 24 125

CAPA4 15— 12 302 12 256(586) 121 25 1399

CAS1 — 04 26 324 — — —_ — —41 138
CAS2 — 07 23 327 -17  59(159) 156 4.1 -34 126
CAS3 — 1.0 2.0 281 -1 156(34.3) 168 7.5 -28 123
CAS4 — 1.1 1.9 290 7 209425 165 7.5 23 119

Between blankets: the melting enthalpy by weight of aliphatic chain.

3-3-2
CAPA CAS
TGA
300
(Glasser et a. 1995)
DMA DSC
Figure3-4 DSC
tan o
Tm1=-20~10

tan 6

DSC

Table 3-2
CAS D&
42.5 J/g Crépy

CAS4 AHml

TGA, DMA, DSC Table 3-2
DS (Ta1%)
CAPA CAS
Figure3-6 DMA E
DSC CAPA, CAS
Tm2=120~160 ) DMA
(To, Tp)
(Tma)
(Sedey et al. 1996) Tm1 PA
(AHml)
CAS4 AHml
St
AHm 745 Jg (Crépy et a. 2011)
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CAPA CAS AHm
CAPA CAS AHm1 (Figure 3-5)
PA St
DMA

Figure 3-4 DSC thermograms of CAPA and CAS (2nd run).

Figure 3-5 Melting enthalpy (AHm1) of CAPA and CAS.
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DSC

CAPA1~4
DS

(TmZ) Glasser
(Glasser et a. 1995) Tm
(AHm2) 3~5Jg

Tm2

(Yamagishi et al. 1991) Tm2

Figure 3-6 E” and tan 6 of CAPA and CAS measured by DMA (1Hz).
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Figure 3-7 T of CAPA and CAS from DMA.

DMA = tan & (Tp)
(Morooka et al. 1983)

CAPA CAS
Tp DSC  Tm Tp PA St
(Figure3-7) DSC AHm DS» DSs
Ts (Crépy et al. 2011)
Figure 3-7 CAPA CAS Tp DMA
Tp
CAPA PA CAS &t
St PA
Figure 3-5 PA
PA
DMA tan 5 (Ta)
DSC CAPAl CAS1 136 135
T
PA St

CAPA
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CAS T, CAPA CAS 10 (Figure

3-8)

3-3-3
CAPA

(Crépy et al. 2011)

CAS

PA
CAPA
Figure 3-8 T, of CAPA and CAS from DMA.
CAPA CAS
CAS WAXD Figure 3-9 WAXD CAPA CAS
(20 = 20°) (20=3°)
20=22~23°,5~6°
14
(DS3) WAXD
(20=3°)
(Yamagishi et al. 1991)
CAPA

(Figure 3-10)
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(CAPA: 20=2.8° (d=3.15nm), CAS:
20 =2.9° (d = 3.05 nm))

Figure 3-9 WA XD patterns of CAPA (a) and CAS (b).
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Figure 3-10 Full width at half maximum (FWHM) of the sharp
peaks. (20 = 2.8° in P-series, 20 = 2.9° in S-series).

3-3-4
|zod
Table3-3 DS0.3~1.0
30~70% 85MPa
Figure3-11(a)
CAS 3-3-2 T
3-8) PA
Table 3-3 Mechanical properties of CAPA and CAS.
Bending test Izod
NO. DSPA DSSt DSAC Strength Modulus Impact
[MPa]  [GPa] [kJ/m?]
CAPA1 04 — 26 84 2.6 3.7
CAPA2 0.8 — 2.2 48 1.3 4.4
CAPA3 1.0 — 20 34 0.90 2.0
CAPA4 15 — 12 14 | 033 .. 19 __.
CAS1 — 04 26 85 2.5 5.9
CAS2 — 0.7 23 44 1.3 6.7
CAS3 — 1.0 2.0 26 0.71 24.8
CAS4 — 1.1 1.9 22 0.58 27.9

1AM Pa

CAPA
(Figure



Figure 3-11 Bending strength (a) and impact strength (b) of CAPA and CAS.

1ZOD (Figure 3-
11 (b)) CAPA DS» PA
CAS DS 27.9 kJm?
ABS
( 20kJIm?)
( 2012)
(Crépy et a. 2009; Joly et a. 2005)
40
3-3-2 DMA
DSC
CAS3 CAA 50wt%
CAPA DMA, DSC CAS
DS» 3-3-2 CAPA
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CAS

CAS2

PA

DMA

50 MPa |zod

DSs: 0.4~ 0.7 (WRs 28 ~ 42 Wt%)

71

PA

5kJ/'m?

CAPA

CAS1

Ac



DMAC/LICI

Tp)

PA

CAS

CAS

(DS)

PA St
(Tml, Tm2)

CAPA

PA

D& 04 ~ 0.7

St

St

CAS

PA St Ac
(CAPA, CAS)
o
(To, Tp) (T,
(Tm2, Ta)
CAS
PA

PA

Ac
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Table 3-S1 Infeed and compositions of anhydride mixtures.

Infeed/AGU Composition (mol%) calculated by "H NMR
No. PAA  Ac,0 P’Zl ’;; dr;‘i‘(;‘e"‘d A;‘%‘Xfe Ac,0 PAA Acetic acid
CAPAl1 leq 6eq 12.7 0.4 72.1 2.0 12.7
CAPA2 2eq 6eq 19.7 1.3 543 6.3 18.3
CAPA3 3eq 6eq 20.8 2.0 43.0 10.0 242
CAPA4  6eq  6eq 22.3 3.8 23.4 23.5 27.0

Table 3-S2 Infeed and compositions of anhydride mixtures.

Infeed/AGU Composition (mol%) calculated by "TH NMR
No. SA  Ac,0 SZ:hcycllTrl;zzd An;lfyéizde Ac,O SA Acetic acid
CAS1 3eq 6eq 243 4.5 38.3 7.7 25.2
CAS2  6eq 6¢eq 23.6 7.1 19.9 17.6 31.9
CAS3  9eq 6eq 17.0 9.0 7.4 33.1 33.5
CAS4  12eq  6eq 8.8 9.1 1.8 53.8 26.5

Figure 3-S1 Reactivity comparison between PAA and SA.
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CAPA (0.2mmt)

Figure 3-S2 POM observations of hot press films of CAPA.
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m DMA

DMA T
CAPA CAS
|
CAPA CAS
PA
St

CAPA
DMA

CAS PA St
E,)
Figure 3-S3
Figure3-4
PA

Figure 3-S3 Arrhenius plots of CAPA (a) and CAS (b)

obtained from E” peak shift in low temperatures.
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Figure 3-34 Relation between the activation energy and weight ratio of long chain moieties.
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