CHAPTER 11

LITERATURE SURVEY

2.1 Definition of cellulose film [11]

Cellulose film is a transparent film produced from cellulose fibers by a

, and converting the fibers into a viscose

process that involves steeping, shre
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are also called coquj o cS rﬁin their needles (leaves) in

winter. Most softwood .ﬁbers average from 3 to 3.6 mm in length. Some notable

exceptions areﬁ:ﬁﬂ{?%%pﬁ wﬂ]@aﬁxﬁleaf and slash pines at

4.6-4.9 mm, sugar pine at 5.9 mm westem larch at 5.0 mm, sitka spruces at 5.9 mm,
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Hardwood

Wood, or trees, from the Angiosperms, a subdivision of the
division Spermatophytes, is known as hardwoods. Hardwood trees are also called
broadleafs or deciduous. These trees lose their leaves in winter. Hardwoods have
complex structure including vessel elements, fiber tracheids, libriform fibers, ray
cells, and parenchyma cells. The fibers of hardwoods are on the order of 0.9-1.5 mm

long, leading to smoother paper of lower strength compared to softwood fibers.



Non-wood [13]

Non-wood or agro-based fibers are derived from selected tissues
of various mono- or dicotyledonous plants and are categorized botanically as grass,
bast, leaf, or fruit fibers. Some non-wood fibers are classified by means of production;
fibers such as sugar cane bagasse, wheat straw, and corn stalks are by-product. Other
non-wood fibers are grouped as fiber plants, plants with high cellulose content that are

cultivated primarily for the sake of their fibers such as jute, kenaf, flex, paper

7)roduce useful by-products; for example,
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Figure 2.1 Structure of cellulose.

Cellulose is basically a "chain" of polymers, mainly
glucose. In order to understand its structure, the simple necklace is a suitable analogy

with each link being the glucose monomer. The glucose monomer comprises of

carbon, hydrogen, and oxygen atoms (the basic building blocks of all life in the plant



kingdom). It has the chemical formulation Cs H;, Og, representing six units of carbon,

twelve of hydrogen, and six of oxygen.

With the necklace, individual links cross through each other
to form the joint. Within the cellulose chain, individual glucose monomers have
chemically linked to form a cellobiose unit by a phenomenon called ‘condensation',
eliminating one molecule of water between two adjoining hydroxyl groups at carbon 1

and 4. The linking of the cellobiose units' make—up the cellulose chain structure.

of polymerization (DP)' explaining
the size of the cellulose ch. 1vidi gccular weigh of cellulose by the
m— w ained. Due to the abundance of

tendency to form intra- and

intermolecular hydrogengbonds, Vil adjacent chain. Intramolecular bonds
form between OH groups01 d d e » : omers, whereas intermolecular bonds
. Groups of cellulose chains

become microfibrils, wii °n Of* mass; mak e cell wall layer.

Defining hemicellulose is Juﬂabout as easy as cellulose. It
is again chai \'i a homopolysaccharide
structure, w},m ﬁ El mﬂn Wﬁ l:tﬁﬁ hemicellouse has a
hetropolysaccharide make-up. It ha§ a DP less than cellulose an@.has the addition of
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structure of hemicellulose can be divided into groups depending on the position in the

chain. The groups are: pentoses, hexoses, hexuronic acids, and deoxy-hexoses.



W ¢ of hemicellulose.

cture of hemicellulose differ in
angiospermae (hardwoo ood) tree species. The basic
structure of hemicellulos
(Xylans), linked through.g S
inter dispersed (Figure 2.2) and mgéthylg ylglue __ bra
to 200. Other units fou

and galacturonic acid.

mnses mainly of xylose units

llulose but with acetyl units

ches. DP ranges from 100
sw ermae Xylans are rhamnose
nits found in angiosperms include
forming chains (DP=60 to 70)

e very sporadic dispersion. Xylans

glucomannans which are g
which are slightly l_)rance e
found in gymnosperrn o8 . ps, have arabingfuranose unit side branches,
and have a higher proportio . ‘\‘ e DP for gymnospermae

hemicellulose is much“lower, ranging from 70 to 130+ Gymnosperms also contain

glucomannans Fﬁuﬂ mg‘ﬁﬁﬁﬁm% the additions of acetyl
groups and gala types include glucans,
galactans, and pectm
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Lignin is a complex polymer consisting of phenylpropane
units and has an amorphous, three dimentional structure. It is found in plants. Its
molecular weight in wood is very high and not easily measured. Lignin is the
adhesive or binder in wood that holds the fibers together. Lignin is concentrated in the

middle lamella; during chemical pulping its removal allows the fibers to separate



easily. The glass transition temperature (softening temperature) is approximately 130-

150 °C. Moisture decreases the glass transition temperature slightly.

There are three basic lignin monomers that are found in lignin, as shown in

Figure. 2.3.
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\\u ntain all three lignin monomers,

hardwoods contain bot! \'»3\ and sinapyl alcohol (25-50%),

and softwoods contain on!

ohol as an example, the first step of

Hion of a free radical at the

lignin polymerizati .fh

ARAB AR TIETAY

Figure 2.4 Formation of free radicals from coniferyl

This structure has five-resonance structure with the free
radical occurring at various atoms as shown on the right of Figure 2.4. Carbon atoms
C-1 and C-3 in soft wood and C-1, C-3 and C-5 in hardwoods do not from linkages

due to steric hindrance. Carbon atoms of the propane unit are labeled from the

aromatic ring outward as a, 3, and v, respectively. Carbon atoms of the aromatic ring



are labeled from the propane group towards the methoxy group from 1 to 6,

respectively. Some commonly occurring lignin linkages are also shown in Figure 2.5.

\ inkage C-C linkage
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Figure 2.6 A hypothetical depiction of a portion of a softwood lignin molecule.
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2.2.3 Type of cellulose and their application [19]

Type of cellulose Application

Cellulose acetate Extruded tape, packaging film, blister

packs and premium.

Cellulose acetate butyrate Tooth brush handles, blister packs.

Cellulose propionate blister packs.

t cases and fire extinguisher

Cellulose albums and photographic

Celluloseitrz . v oile \ icles and industrial items

b \\ d from sheet, rod and tube

Cellulose laufrate 224 @\‘ production of films

Cellulose stearate kaging film

2.3 Pape VH ) C

Plants have‘undoubtedly pla):;i an important role throughout human
history. Many, 1 i people throughout the
world includilﬂzrgcg’,r ﬁ:ﬂ:ﬁ m{‘mﬂﬂ\ important plant that played
a very,d ant in_shapi § 1 mﬁ , Broussonetia
papyri 'qa \Lﬁ?ﬂnﬂlﬁﬁlﬁnﬁ)e & Iﬂcome weed of

natural areas worldwide. [20]
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Recommended Temperature Zone:

Paper Mulberry

Scientific Name: Broussonetia papyrifera. Heat Tolerance: Good
Syno : Morus papyrifera, P ius

ngygﬁnm ORISR Sun Exposure: Full sun

Family: Moraceae

Origin: Northeastern Asia

Growth Habits: Small deciduous
tree, fast growing, up to 50 feet tall
(15 m), 40 feet wide (12 m),

-

._d
~on'the young tree are lobed, up to 12

ewhat untidy looking; the leaves

long (30 cm); adult trees have

aller leaves.
™

‘\u Needs: Little water

The Paper Mulbe

water. It is considered |

good soils and with plenty of

ce. The name yaper mulberry" comes from
A

the fact that it yields a.fi which is, used to make paper or

|
Polynesian tapa clothand prepare cellulose film. .

sresbpi RS T N 275

1. Broussonetliy papyrifera: the bark fibers are sed for makin g paper, the wood is
SQRTEITIIEHR 3 W]’% ¥ ﬂﬁﬂ“ﬁ“y

2. Broussonetia kurzii: the leaves are used for cooking.

3. Broussonetia kazinoki: the bark fibers are used for making paper [Japan, Korea].

4. Broussonetia kaempferi: the bark fibers are used for making paper [Japan, Koreal].
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2.4 Pulp Production
2.4.1 The Pulping Process

Wood consists of three primary components: cellulose,
hemicellulose and lignin. Cellulose, which is the fibrous component of wood, is used
to make pulp. Lignin is the glue that holds wood fibers together. Pulping is the
process which reduces wood to a fibrous mat by separating the cellulose from the

lignin and hemicellulose. Pulping processes are generally classified as chemical,

leave behind the cel g i ces in emissions of a variety of

hazardous air polluta 1, acetaldehyde, and methyl

ethyl ketone.
od), pulping, the wood is pressed

against a grinder which p ots. Mechanical pulping, which is
energy intensive, produce /hich is weak and discolors casily
when exposed to light

In od chips are partially cooked
with chemicals, and f-,,———-----r-_—-_—_ ----------------- miplished mechanically. This
1s process uses a comgﬁ'la on ¢ sk ml methods.

F?‘FM{J‘WH’WW 81173

Bleaching is a very 1mportant step. Bleachin Q} is used to purify
and claﬂwf}ﬂa %ﬂlﬁ mﬁé ?'Iﬂﬁ ﬂ ﬂlty of the fiber.
Fiber mills use chlorine gas an orine dioxide to bleach pulp, while most
mechanical pulp bleaching operations use peroxide. Chlorine gas removes most of the
remaining lignin, while the chlorine dioxide whitens lignin that cannot be removed.
[12, 22]

-Elemental Chlorine Bleaching is the process currently in place at

some existing bleaching plants, and uses chlorine and hypochlorite to brighten the
pulp. When elemental chlorine and hypochlorite react with the lignin, they form

chlorinated pollutants such as chloroform, dioxin and furans in the wastewater stream.
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-Elemental Chlorine Free Bleaching (ECF) replaces chlorine with
chlorine dioxide as a bleaching agent and hypochlorite in no longer used. The use of
ECF bleaching results in reduced levels of chlorinated pollutants in the waste water
stream.

-Totally Chlorine Free (TCF) bleaching uses no chlorinated

bleaching agents to bleach the pulp. Instead, bleaching agents such as oxygen and

peroxide are used. TCF bleaching eliminates chlorinate pollutants in the wastewater

stream.
2.5 Media for @U@onaluatmn

A major s

fQ’ atlon of alternative paths for
polysaccharide functio variety of new solvents for
polyglucans especial pra-molecular structure. Of

course, the main drivi lissolve cellulose is the need

e highly organized hydrogen-

bonding system surroundmg-rﬂzeﬁﬁnfglg ) n chain. It needs to be mentioned
that not only the p ition @ cchar _;‘. (non-derivatizing solvents)
is capable for alternative is | ¢ fillictionalization after partial

derivatization, i.e. afte dissolving the polymer in a so-ealled derivatizing solvent [23,

24]. In the la % itu by introducing new
functional grc:%ﬁﬁal ﬁrﬁﬁw gjl?l t nif rather low hydrolytic
stability. Furthermore, it is possible to isolate these intermediates or to synthesize
s1m11aﬂ:<;ﬁo’|11a ﬁdﬂimuma@we&’o%&s modification
starting ?rom the polymers dissolved in an inert simple organic solvent. A clear line
between these cellulose intermediates (or ‘transient derivatives’ as they are sometimes
called) [25] and true cellulose derivatives can not be drawn. But it seems reasonable
to define ‘cellulose intermediates’ as hydrolytically unstable cellulosics that can be
either obtained by isolation from solutions of derivatizing solvents or as specifically
synthesized cellulosics with substituents which are easily cleaved off during a

common work-up procedure, e.g. in aqueous media. A nice example is that of
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cellulose trifluoroacetates where the reaction of trifluoroacetic acid/trifluoroacetic
anhydride with the polymer produces the soluble product, which can be even isolated
and redissolved in common organic solvents. On the other hand, formation of
cellulose acetate followed by a separate dissolution in acetone would not be classified
as a cellulose solution.

Non-derivatizing solvents include both single and multi-component
systems. Although a wide variety of these solvents were developed and investigated
in recent years only a few have shown a potential for a controlled and homogeneous
functionalization of polysacchari és. " mitations are high toxicity, high reactivity of
ca the loss of solubility during

onditions by formation of gels and pastes which

reactions yielding inhomogencous
can be hardly mixed and ' / : of deswollen particles of low reactivity
which set down in the reaefios

[ i 3 .
A suitablegfthotigh appioximate classif tlon of cellulose solvents is

,;.ﬂ_ﬂ:,‘

JII.- BT 4

presented in Figure 2.8.
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Flgure 2.8 Classification of cellulose solvents suitable as medium for
chemical functionalization reactions.

2.5.1 Aqueous non-derivatizing solvents
Aqueous solvents for cellulose, e.g. solutions of inorganic salts
and complex compounds, were widely used for cellulose regeneration. The best-
known solvents of this group are cuprammonium hydroxide (Cuam) and

cupriethylenediamine hydroxide (Cuen). Regeneration of membranes from Cuam
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solution provides high quality products for hemodialysis. It is even possible to
dissolve the polymer in about 10% aqueous NaOH solution, however the solubility is
limited to cellulose of comparably low degree of polymerization (DP) of up to 200.
The application as medium for completely homogeneous functionlization reactions is
just of limited interest. This is due to the high tendency of these media towards
hydrolysis of reagents applied for modification, problems concerning the purification
of the derivatives obtained, and their tendency to become inhomogeneous during the
reaction. Thus, cellulose is already reg
the pH value of the medium. Ty :\\ ¢
Table 2.1 Examples of aguéous eellulos

rEted from solvent complexes by changing

/lgents are summarized in Table 2.1.

Type of compound :‘_‘,}mw Active species
Transition & ;r","."? . ' d(HoN-(CHz),-NH,)3](OH),
complexes with amiae8 c ” rer | [Cd(NH,CH,CH,);N](OH),
NH; | Choxens | [Co(H:N-(CH2)2-NH2):] OHD:
(H2N-(CH,)3-NH,),](OH)2
u(NH3)4](OH),
[Ni(NH3)s](OH),
[Ni(H2N-(CH)>-NH>)3](OH)2
[Pd(H>N-(CH,),-NH,](OH)>
LV len [G(H,N-(CH2)2-NH2),] (OHD:
Transition / Nag| Fe(C4H306)3]
complexes with mmaric m
acid ‘a L7
Ao Woaites J | FEOW | 3 1 1) | Teopetbylammonium
i Gu@ o hydroxidey,
QRIAIN I NN TR o
Alkali hydroxides NaOH,LiOH
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Nevertheless, a number of modern aqueous solvents, e.g. the
aqueous solution of Ni(tren)(OH), [tren = tris(2-aminoethyl)amine], were studied in
terms of the mechanism of dissolution and for their potential as medium for
homogeneous etherification reactions [27]. It has been shown that the new metal
complexes (Ni-tren and Cd-tren) completely dissolve cellulose by deprotonating and
coordinative binding of the hydroxyl groups in the 2 and 3 positions within the AGU
(anhydroglucose units) [28]. It is possible to convert cellulose dissolved in Ni-tren
[concentrations of up to 10% (w/v)] i lly homogeneous process to carboxymethyl
cellulose (CMC) [29]. Struc means of '"H-NMR analysis after

depolymenzatlon revealed that

chain degradation and
erent repeating units and a
eve of the AGU in the order C-2

these products show a
distribution of the carboxymel

> C-6 > C-3, i.e. they pgsscs ihc // ~ 1 pattern as ethers prepared in a
n n of CMC. This result clearly

shows that both simple agfi 2 u ous NaOH and the complete

highly swollen state as appli

dissolution of the peolys: active sites with an almost even

accessibility and hence tage of a conversion of the

dissolved polymer.

ﬂ'lJﬂ’J“flﬂ'ﬂﬁWﬂ']ﬂ‘i
amaqnim NN Y
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2.5.2 Non-aqueous non-derivatizing solvents

Various solvents of this group were found in the last two decades.

Important examples with regard to cellulose functionalization are summarized in

Table 2.2 A more detailed description of non-aqueous, non-derivatizing solvents is

published elsewhere [30].

Table 2.2 Typical non-aqueous cellulose solvents

Number of components Substance group Examples

Unicomponent N-Alkylpy Ethylpyridinium chloride
Triethylamine-N-oxide
N-Methylpiperidine
—N-oxide

Bicomponent

I lpo

.| DMSO/methylamine

DMSO/KSCN
DMSO/CaCl,

NH3/Nal (NH,I)
NH,/NaSCN (NH;SCN)

“"ML,

DMACc/LiCl
N-Methylpyrrolidone/LiCl

tertialy amines

rPyridine/resorcinol
Quinoline/Ca(SCN)»

4 =
Tricomponenﬁ u 8 J"‘
U

e,

EjJTT"SW’EI’]

solv

SOCl,/polar

wylformamide

amhine/SO,/DMSO

The system N, N-dimethylacetamide (DMA)/LiCl shows an

enormous potential for the analysis of cellulose and for the preparation of a wide

variety of derivatives. Its usefulness in analysis is due to the fact that the solvent is

colorless and dissolution succeeds without or at least with negligible degradation even

in case of high molecular weight polysaccharides, e.g. cotton linters or bacterial
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cellulose. Thus, it was possible to investigate the dissolved cellulose by means of M
NMR spectroscopy [31], electro spray mass spectroscopy (ESI-MS), size exclusion
chromatography and light scattering techniques. Although it is the solvent of choice
for these applications, a dissolution mechanism for cellulose in this solvent has still
not been clearly postulated. Different solvent-polymer structures were proposed [32].
A number of modified compositions were investigated. DMA can
be substituted in the solvent mixture with N-methyl-2-pyrrolidone (NMP), N, N-
dimethylformamide (DMF), DMS
triamide but only NMP, the eycli

-methylpyridine or hexamethylphosphoric
f DMA, was found to dissolve the

polysaccharides without case of the preparation of

bromodeoxycellulose it w T instead of LiCl as salt. The
preparation of lactone in high yields, at moderate
DMA/LICl [33]. Thus,

ate produces a completely

temperatures and mo
homogeneous phase cauba
functionalized deriva d for the determination of
molecular weights eans of gel permeation
chromatography (GPC). } mogeneously derivatized with
pesticides using the isocya {erivatives of
(methylthm)—(l,2,4)-maz1ne-§§% (metr ine) to obtain products with a

controlled release of thebioactive compoun

-_ - muxture | !
was found to be suitage dissol . Th&dvantages of the nowadays
commercially availables DMI consist ingifs thermal stability and low toxicity.

DMVU/LICl is ﬂeuc@o’l} ﬁlﬁjsﬂaﬁa% ﬂpﬂa@}s as high as 1200 and

concentrations Of 2-10% (w/w) app}ying the same procedure as used for DMA/LiCI,

ie. anﬁitwéq ﬂh@ﬂﬁrm ﬁ%xﬁ}% % 2 iagﬁem exchange is

absolutely necessary. Experimental details for a simple dissolution procedure are

given in the literature [35]. BC-NMR spectra of cellulose acquired both in DMI and
DMA in combination with LiCl exhibit the same chemical shifts, i.e. a comparable
solvent structure may be assumed with regard to functionalization. DMI/LiCl is
capable both for esterification and etherification [36]. The reactivity of the OH
functions is in the order C-6 > C-2 > C-3 as found in other non-aqueous cellulose
solvents, too. Thus, the methylation of cellulose in DMI/LiCl yields tris-O-methyl

cellulose in a one-step procedure.



19

In case of single component solvents, N-alkylpyridinium halides

and N-oxides of tertiary amines are worth mentioning. Typical structures are shown in

Figure 2.9.
CH,—CH CH HC,
o 2>N<‘ ) HyC,—N —O
CH,—CH, o HeC,
a b
o
CH—N—-0
CH,
Figure 2.9 Structu igal § ngle -ompor <- ents of cellulose, (a) N-
methyl-morpholine-N- (NMNO),(b) triett g ‘ e-N—ox1de (c) N—methyl-
piperidine-N-oxide
pyridinium chloride.

The most pow o1 f , this regard are N-ethyl-pyridinium
chloride (Figure 2.9(c)) a : 1e-N-oxide (NMNO) (Figure 2.9(a)).
The advantage of an easy work 1P P fier modification of polysaccharides in

these solvents is se Su pstances are solid at room

temperature and need'to 4;?%"; er hand, they are highly
explosive. Thus, these il ompounds are often diluted wm common organic liquids to

give appropr:ﬁ reactidnemedia. Amon &ﬂnese additives for N-ethyl-pyridinium

chloride (m lu 8)’4 qﬂ)%’n (:;lxa gndlne and N-methyl

pyrrolidone. Inyus way it was possible to decrease the melting pint to 75 °C and to
worly I fRen) G F R TR § )

NMNO dissolves cellulose typically as the monohydrate (about
13% water) at about 100°C. It has gained quite an enormous attention for cellulose
regeneration and a new fiber spinning process based on NMNO as solvent is already
industrially realized forming the so-called Lyocell fibers. Recent results were
published dealing with the investigation of the interaction of cellulose with the
solvent by means of “C CPMAS NMR and microscopy. In contrast to N-

ethylmorpholine-N-oxide, that converts cellulose I into cellulose III but dose not
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dissolve the polymer, NMNO is able to break hydrogen bonds, particularly to O-6,
sufficiently to liberate individual chains and, thereby, to dissolve the polysaccharide
sheets.

A novel and powerful new solvent for cellulose consists in the
mixture DMSO/tetrabutylammonium fluoride trihydrate (TBAF). The advantage of
DMSO/TBAF is that cellulose with a degree of polymerization as high as 650
dissolves without any pretreatment within 15 min. A remarkable finding was that only

the fluoride is able to give clear solutions. If the halide is changed, no dissolution

occurs. Highly resolved BC-NMR spe Eilose can be obtained showing all the

or a derivatization during the

TBAF

Figure 2.10 “C3NI §/y) dissolved in DMSO-
ddtetrabutyl [ F‘I;::::::::::::': """"""""""""" -\J

It should be mentione

TBAF is “Sedﬂ Wﬁ WETW?WWTW is air-dried only.
BEY o Niirbtuaeliin) e

All the solvents previously discussed show physical dissolution

that the solutions contain a ceﬂ.\n amount of water because

of the polysaccharide without derivatization of any hydroxyl group. An acceptable
alternative to this route is the application of so called derivatizing solvents or the
utilization of hydrolytically unstable, organo-soluble cellulose intermediates. A
representative summary of such solvents and the derivatives formed in situ is given in

Figure 2.11.
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_OH _(OR),

Cell —— Caell
~

OH (OH)y,

N,OJOMF  R= ONO
Cellulose nitrite

HCOOH/H,;$O, ~ OCH

o]
Celiulose formate (CF)
CF,COOH OCCF,

(o]
Cellulose trifiuoroacetate (CTFA)

CI,CHCOOH O(;‘CCIZH
O
Cellulose dichloroacetate

o (TMSC)

Figure 2.11 Represenfalive examples of aproti denvatlzmg solvents
of cellulose and Thtepmi€difies ¢ \\
: / tsadvants .- derivatizing solvents is the

occurrence of side réactions’ diiring di sﬂ\ ior he formation of undefined

\\i

structures. In turn, this deads tg ro’ dl eproducible. Nevertheless, the N,N-

18I Y
dimethylformamide (D ) O? %gdt&\[
ey

cellulose nitrite as intermediate,

has found considerable in f inorganic cellulose ester, e.g.

cellulose sulfates despite its high Although long known as solvent, the
i

dissolution mechanism wa olova et al. favored an

addition compound ul ‘Complex formation with the
dipolar aprotic mediu@%. Bu -acce&d fact that dissolution under
strictly anhydrous condlﬁog succeeds by ation of the cellulose trinitrite [39]. In

this process rﬁ ut&]eﬂ ‘ﬂl&}m %ﬁ "}tﬂl‘j’wzo‘, molecule which

initiates the est@fification to the mtEte If small amounts of water are present in the
solven qdﬂaﬂcﬂ‘/ﬂlﬁ E]thls step with a
preferri conversion m prlmarygllydroxyl groups. Variation of the solvent
components is possible. Instead of DMF, DMSO may be applied and N;O4 can be
substituted with NOCI, nitrosyl sulfuric acid, nitrosyl hexachloroantimonate or
nitrosyl tetrafluoroborate yielding solutions within the same time.

A rather interesting derivertizing solvent utilized for
esterification is the mixture DMSO/paraformaldehyde. The major advantage of this
system is that it dissolves cellulose rapidly and almost without degradation even in

case of high molecular weight polymers. Cellulose is here dissolved by formation of
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the hemiacetal, i.e. so-called methylol cellulose is obtained (Figure 2.11). *C-NMR
spectroscopy revealed that the acetalization occurs preferentially at the 6 position of
the AGU [40). This methylol structure remains intact during subsequent
functionalization in non-aqueous media resulting in derivatives with a pronounced
substitution of the secondary OH groups as can be determined by means of GLC after
complete hydrolysis of subsequently etherified cellulose. In contrast, the methylol
functions can be easily removed by a treatment with water. Noteworthy is the fact that

during the dissolution a growth of oligopxy methyleneoxide chains may occur. The

free terminal hydroxyl groups of' also be derivatized in a subsequent
step. Nevertheless, the solye , 01 reparation of a whole number of

for the synthesis of esters.vifl hofogendous ion with anhydrides [41].

ared with the application of
the derivatizing solventgfcan be dedli £ ’ ediates formed during the
dissolution of the polysag€hafide are i rior | e conversion into the final
due to the fact that structure
hand. On the other, these

derivative (Figure 2.11
analysis of the inte 7
intermediates can be dissolved; ; common organic solvents which

decreases the tendency towar_ds drastically (especially degradation).

= "'.—-

Therefore, reactive 1 hermedlates can be m rial for a variety of highly

engineered derivati esides the 1 nalkylsilyl derivatives in this

;r"

regard and subsequengunctio er re&tive cellulose xanthogenate,

which was only of limited.interest in the gontext of reactive intermediate compared

with its widﬂxtuagn’})%eﬂl% ﬁgwﬂﬂ fe]l@se formats (CF) and

halogenoaceticycid esters of cellulgse are the most studied intermediates within this
~ AR TRIRTUNY

? he interaction of cell’u]ose nﬁ'!rmw acg'l was applied to
determine the degree of disorder of the cellulose structure and the chemical
accessibility of the hydroxyl groups. Moreover, solutions of cellulose in formic acid
and CF were studied in terms of their hydrolytic and thermal stability and their
potential for cellulose fiber preparation by regeneration [42]. This CFs are obtained
by treating cellulose in a surplus of formic acid without catalyst over periods of 4-15
days or with sulfuric acid as catalyst yielding fairly degraded polymers with DS

values of about 2.5. CF can be isolated from mixtures of cellulose, formic acid,
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phosphoric acid and water. They are soluble in DMF and DS values of up to 1.2 are
reached. The formulation takes place in the order C-6 > C-2 > C-3 as revealed by "°C-
NMR spectroscopy. If sulfuric acid is applied as catalyst, the reaction is completed
within 15 min. The CF prepared has a DP of about 200 (DP of the starting cellulose
was 600). In case of the application of partially hydrolyzed POCI; as swelling and
dehydrating agent it is possible to increase the DS of up to 2.2 yielding formats
soluble in DMSO, DMF and pyridine with DP values of 280 (starting from spruce
sulfite pulp, DP = 680) within 4 h reacti
of up to 280°C under anhydro 0

time. These products were thermally stable

ture analyses by mean of >C-NMR
lation and hydrolytic degradation

tio of % hydroxyl groups. Another

spectroscopy (Figure 2.1

revealed a complete func

interesting path for the ) ublished by Vigo et al. [43]. It
was shown that cellul an bg converte vith reagent obtained from thionyl
chloride and DMF. : % niniv . ‘: ound is formed as reactive

intermediate during 3 ,\ p procedure gives CF.

Figure 2.12 g C-NMR spectrum ©f cellulose fesmate with a degree of substitution

adjz%-wm A O TV “F e\ R pization of the

2.6 Unconventional synthesis paths for and types of

carbonic acid ester of cellulose

Ester of cellulose especially the acetate is long known derivatives of the
polysaccharide. Thus, cellulose acetate (CA) was first synthesized by
Schuetzenberger in 1865 and was industrially produced as early as 1900.

Conventionally CAs are prepared by convension of cellulose with an excess of acetic
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anhydride (10-40% above the amount needed for cellulose triacetate formation) in the
presence of sulfuric acid or perchloric acid as catalyst. Two different methods are
applied today to obtain the cellulose ester. The majority of the CAs (about 900,000
ton per year) is produced using a route which includes the dissolution of the products
formed. On the other hand, it is possible to carry out the acetylation on the intact fiber
(fiber acetylation). The products obtained in the first step are fully esterified. Usually
they are partially deacetylated in an one-pot hydrolysis to give the widely applied

acetone soluble 2.5 acetate (acetyl ¢

ame DS synthesized directly from

tent ca. 40%; DSac 2.4-2.6). This ‘synthetic
detour’ is necessary because P

cellulose are not soluble in alyses to elucidate the reasons
for this behavior and @ tools for a more effective
acetylation are still amo stimula jork in this field.

On the other ha : ' ;e stigation of new paths for the

to obtain tailored highly
engineered derivatives if 1 ‘1 sreat abundance of the polysaccharide
ary structure of the cellulose

d goals. First cellulose esters with

large substituents (more than %ﬁﬁtp moieties), low DS, and regular

—-i'_—, ##

distribution along theé'polymer backbone resulting 2 rétention of a large portion of

cte ﬁmc@nalization of all OH groups
may yield esters with new structure featureg and properties mainly determined by the

s iR S YA SA IR B e e of i

new catalysts ngludmg mechamstlc studies on the mode of actlon of these catalysts

s AR I DA TR TR

and the gapplication t ‘impeller’ reagents using, e.g. trifluoroacetic

processibility is mcregd Seco -.

anhydride, the most promising approach is the esterification of the polysaccharide in

solvent system using modern acylation reagents.
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2.6.1 Homogeneous esterification of cellulose
2.6.1.1 Acylation in non-derivatizing solvents and new
activation procedures
From the various non-derivatizing solvents discussed
above N,N-dimethylacetamide (DMA) or N-methylpyrrolidone in combination with
LiCl have gained special importance.
The esterification of cellulose in DMA/LICl using

carbonic acid anhydride and the —chloridgs was among the first attempts of chemical

modification of the polysaccharide | ‘ B mogeneous conditions [45]. It was
' sth polymer concentrations higher
than 10% (w/w) form

may be combined wit

version of the polysaccharide
cts because in the region of
ystems are not fully stable
eneous phase in DMA/LICI

are an excellent control o : t" s and an uniform distribution of the functional

useable solutions of u

groups along the pol ns.. Moreover, -t ity of the functionalization
reaction within the AG : 7 ;. the tion of cellulose with acetyl
: ' gives a CA with complete
at DS values starting from 1.6 [47].

functionalization of the prima;y_@?ﬁ:)_,(y
O\ T

of acyl chlorides is"stil

aromatic functions, the use

+4-Phenylbenzoyl cellulose
was obtained from the homogeneous esterification yielﬂng polymers with DS values
as high as 2.4. The defivatives were exﬁdsiveifnalyzed by IR- and “C-NMR

spectroscopy aﬂwu £hicd VeI Vho - & DL s formation behavior

was studied byq#nean of viscometrig and light scattering experiment. Phenylacetoxy
celluloq W@Mﬂ%ﬁ%‘ll%’%@%"w@a %llulose with DS
values of 1.8-1.9 could be prepared according to this procedure. Solid state '>*C-NMR
- spectroscopic studies were carried out and the derivatives were investigated towards
their liquid crystalline properties. Furthermore, the introduction of bioactive
substituents for controlled release systems was achieved utilizing the acid chloride of
2,4-dichlorophenoxyacetic acid (2,4-D) and 2,2-dichloropropionic acid (dalapon).

In terms of its usefulness as protective group for

polysaccharides, the adamantoyl moiety was investigated recently. The remarkable
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finding was that the introduction of the adamantoyl ester is most effective and
selective if the carbonic acid chloride is used [48]. Alternative methods, e.g. the
application of p-toluenesulfonyl chloride (Tos-Cl) or N, N carbonyldiimidazole in
combination with the free acid, which are still under investigation, yield comparable
results. Adamantoyl cellulose with DS values of up to 1.3 was odtained. A typical
BC-NMR spectrum of a product with a DS of 0.65 is shown in figure 2.13.

= NC-
) ey 1\3'&..,

w10 y 3 ', D AN D 0 O N 0 B
d/ppm

Figure 2.13
a degree of stib

antoyl cellulose with
cans substituted).

ers with long chains using the acyl
chloride, e.g. n—octa@m Besides the acyl chlorides
for the synthesis of/the 7
convertion of cellulosg : with the Tfatty acid and acetic anhydride in the
presence of HCIO4. Congpatable results were published for the reaction of cellulose

s i 5 B D S e 1)

advantage of TEA in comparison \enth pyndme as base is the lower acidity of the

o R YRR SR DI B oo

and split-off of the ester tions introduced. Comparable homogeneous

Alidesters were obtained by

esterification reactions with long chain acid chlorides were preformed using
hemicelluloses from popular chips dissolved in DMA/LiCl. DS values between 0.32
and 1.51 were accessible. It is possible to stearoylate over 75% of the hydroxyl groups
in native hemicellulose via this route [49]. Even cellulose methacrylates with DS
values of up to 1.3 were accessible which gellify when irradiated by UV due to the
cross-linking reaction of lateral double bonds. Anhydrides of dicarbonic acids were

applied for the synthesis of water-soluble carbonic acid half esters of cellulose. A
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reactivity in the order phthalic anhydride > maleic anhydride > succinic anhydride
was observed [50].

New and effective procedures for homogeneous acylation
were studied which could be employed in large scale as well. Acetates, propionates,
butyrates and mixed acetates/propionates with a stoichiometric control of the acetyl
content can be obtained by reacting dissolved cellulose with the acid anhydrides,
without catalyst, at 110 °C for 4 h. It was shown that the acylation of the

polysaccharide occurs without degradation of the polymer [51]. A preferred acylation

of the 6 position was dete - ; BC-NMR spectroscopy. Both the
negligible effect on the DR and-the stoi nversion of the polysaccharide
make this synthesis path a

process.
histicated method is the

conversion of cellulose di 1 wi ene shown in figure 2.14.

yielding cellulose aj'j : rrWeneous condition.

or with a mixture of diketene/carbonic acideanhydrides. Via this route it is possible to

prepare both pﬂ ut&e’tgewr gxwgt(w&l:a}ﬂuﬁacid esters of cellulose

(especially withudcetyl and propionyl moieties). Ee reaction wiH'lldiketene is a very
useful Qewﬂ/} atlﬂ ﬂlﬁwoﬁﬁﬂ@ a%ﬁﬁlaeﬁcetate which is
not able %o yield products with high DS values in predictable processés. The reactive
intermediate in both cases is acetylketene. The reaction can be as well be carried out
in NMP/LiCl. Acetoacetylation with diketene occurs very rapidly at temperature of
100-110 °C. Thus, a complete derivatization was observed within 30 min. Conversion
of the polymer with mixtures of diketene/carbonic acid anhydrides revealed the same
efficiency and predictability as discussed for the pure ester. Mixed acetoacetate-

acetates, propionates and butyrates were obtained without -catalysts. This
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derivatization imparts the polymers solubility ranging from water to THF depending
on the DS of the products. The DP is just negligibly affected during the reactions. The
glass transition temperature (Tg) of the cellulose acetoacetates shows no correlation
with the DP of the derivative but is strongly influenced by the DS values.

Besides the application of carbonic acid chlorides and
anhydride for acylation, a number of very efficient reagents for the in situ activation
of the carbonic acids were applied which can be used without degrading the

polysaccharide backbone during the reaction. Starting from the free acid overcomes a

number of disadvantages cor lation with the derivatives. Whereas
acid chlorides are most tive, tively insoluble (except acetyl
chloride) in the solvent syste he A is present as base. In case of carbonic acid
anhydrides which pe '

limited commercial avaj .{- { \ N \ iency because only half of the
10 akes the use of the free acid

carbonic acids is possible with

problems arise from their

reagent becomes incorpofe

combined with suitable a:

[ cellulose acetates. During the
tid anhydride is formed which

Tos-Cl. It was first applied™

reaction the mixed p-to

o mmm ?ﬁiﬁhﬂﬂﬂm B citonic s

anhyd de.

The extension of this path on the homogeneous
derivatization of cellulose with waxy carbonic acids was studied. It was shown that
cellulose esters, having alkyl substituents in the range from C,, (laurylic acid) to Cy
(eicosanoic acid), can be obtained with almost complete functionalization of the
accessible OH groups (DS values 2.8-2.9) [52]. The esters were examined in terms of

their thermal characteristics by means of the differential scanning calorimetry (DSC)
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and dynamic mechanical thermal analysis (DMTA) leading to the result that the ester
moiety transition temperature is increased by 10 °C per C-atom of the ester moieties.
Beside the preparation of waxy carbonic acid esters of cellulose, the method was
applied for the introduction of fluorine-containing substituents e.g. 2,2-difloroethoxy-,
2,2,2-trifluoroethoxy-, and 2,2,3,3,4,4,5,5-octafluoropentoxy functions. The goal of
this functionalization was a stepwise increase of the hydrophobicity of the products.

A method, which have gained limited interest up to now, is

the acylation of cellulose with the free garbonic acid using N,N-carbonyldiimidazole

as activating reagent. Its use for the prepa f the adamantoyl esters of cellulose
has DS value of up to 1.4. The

reagent is also very e sul _homogeneous esterification of
cellulose intermediates i or N N

ie f cellulose in DMI/LiCl was
homogeneous acetylation of
with acetic anhydride and
accessible showing a same
iCl (reactivity: C-6 > C-2
> C-3). The solvent is espeefallgCfficient for ethierification reactions.

of DMSO/TBAF. I@ system studied in t sefulness for homogeneous

acylation reactions ‘contained 2.9%

the polymer in D
pyridine as a base.

distribution of substitue

experiments, the dissomed cellulose was
to obtain cellulose acetate avith a DS of 0.83¢ The fairly high DS is quite remarkable

pecase ne 03] IS NS 82 T Shmoun of v, Ar

alternative to tﬂé esterification with an acid aandride is the tr@esteriﬁcation with
o BT T R FEB b s
to starch modification. Especially the use of vinyl acetates and its higher
homologeneous is a very interesting path because the formation of the acetic aldehyde
during the reaction shifts the equilibrium towards the product site. Thus, it is possible
to obtain cellulose acetates with DS values of 2.7 by applying 10 mol reagent per mol
AGU over 70 h at 40 °C. Moreover, the DSaceraccan be directly controlled by the
amount of reagent. Even long chain alkyl esters can be synthesized via this route. The

one-step synthesis of cellulose butyrates, laureates and in addition the preparation of
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benzoates was carried out showing that fatty acid esters of cellulose with DS values as
high as 2.6 (in case of the laureate) are accessible (Table 2.3).

Table 2.3 Condition and results of the acylation of cellulose (Avicel, 2.9%) dissolved
in dimethyl sulfoxide/tetrabutylammonium fluoride trihydrate (16.6%) at 40 °C for 70
h (DS, degree of substitution calculated from 'H-NMR spectra)

Acylation mixture Cellulose ester

Compound | Molar | Catalyst’ | DS | Partial-DS | O-2/3 | §(C=0)°

ratio® (mg) - at 0-6 (ppm)

Vinyl acetate 2.3

- 0.49 0.55 | 169.1-169.9

Vinyl acetate 23 0.55 | 169.2-170.0
Vinyl acetate 0.24 | 169.4-170.2
Vinyl acetate 1.74 | 169.3-170.1
Vinyl butyrate - 171.4-172.5
Vinyl laurate - 171.6-172.7
Vinyl laurate - 171.5-172.6
Vinylbenzoate - 164.9
Mol acylation agent per mol
*Mixture of KH,PO, and Na,HP ylﬂ@.pﬁw
“Chemical shift of the ester carbonyl E ktal C-NMR spectra, group of peaks

DV S%)araformaldehyde (PF),
chloral/DMF/pyridine, TfA and DMF/NZ 4, were investigated as reaction medium

for the homogﬂzcﬁm W&]ﬂwﬁ NEIND

vanety of methods were studied for homogeneous

Yy A R

low temperature. Among the acylating reagents are aliphatic compounds, e.g. acetic
and butyric anhydride, aromatic acid derivatives like phthalic anhydride and even
unsaturated species like methacrylic and maleinic anhydrides. The DS values reached
are usually in the range from 0.2 to 2.0, except acetylation where DS values of up to
2.5 were realized. By means of 'H- and ?C-NMR spectroscopy it was shown that the
hydroxyl groups of the methylol chains are preferentially acetylated with the carbonic

acid anhydrides. Acylation with acetyl chloride or with the free acid succeeded just to
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a limited extent. Furthermore, introduction of acetyl groups by tranesterification has
been achieved with methylene diacetate and ethylene diacetate yielding polymers with
high DS values (acetyl content 22%). For this purpose, the cellulose dissolved in
DMSOV/PF is treated with the reagents in the presence of sodium acetate at 90 °C.
Moreover, the reaction of cellulose with acetic anhydride in the presence of potassium
acetate was investigated. An interesting observation was that the DMSO in the solvent
system can be substituted with DMF or DMA [53]. Quite recently this solvent has
found some interest again. Homogene
(TMAA), trimellitic anhydri

iesterification with trimethylacetic anhydride
@ alic anhydride (PA) in DMSO/PF

using high a- cellulose 'fass ! t species was described. The
e ——

corresponding esters are pieg oy treati ions of cellulose with TMA and
PA in the presence o 8 b a The trimellitic acid ester is
obtained after 1 h at ro Ire. 2.4 and 2.6 are accessible
The esters were studi ' 4 ehavior. They are versatile
compounds because of t slagton ¢ tic properties and can be used
for the preparation of ne: 7 of medical tablets

26 can be obtained both with
anhydrides and chlorides o c ' presence of an appropriate base, e.g
pyridine. A variety of acid cﬂ’g—lﬂes {'w d for the esterification including
capnonyl- caproyl P2 /l-, and stearyl chi de. The reaction succeeds

The conversion with aeeti ' Ic acetates with DS values of up

to 2. In cas he pre 10 erivatives with DS values of about 0.5, the
tranestenﬁcatgj ﬁﬁrﬁg{] iliow &L}gﬁ anhydroglucose units)
as can be conc uded from C-NMR spectra. Comparable resulis,were obtained for
acetle)xw alﬂﬁa ﬂ@cﬁ&aﬁdnﬁﬂéﬂ %@DW)E]MC. Treatment
of the dissolved cellulose with acetyl chloride or acetic anhydride yields polymers
with DS values of up 2.5.

A suitable alternative to esterification reaction in the
multicomponent systems. Cellulose is partially trifluoroacetylated in the dissolved
state (DScrraabout 1-1.5). Solutions of CTFA in a surplus of TFA were used for

subsequent esterification in a number of studies. Thus, Emelyanov et al. investigated

the acylation after treatment of cellulose for 24 h with TFA [54]. Anhydrides of
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acetic-, propionic-, 3-nitrophthalic acid and a variety of aliphatic, aromatic and
unsaturated acid chlorides, e.g. acetyl-, acryl-, cinnamoyl-, benzoyl-, and 4-
nitrobenzoyl chloride, as well as free acids like benzoic acid in combination with
TFAA were applied as acylation reagents. The course of reaction was followed by IR
spectroscopy leading to the conclusion that partial tranesterification occurs during
acylation. Isolation in aprotic media yields mixed esters with almost complete
functionalization. After reaction for several hours at 50 °C the DS of trifluoroacetyl
function is usually at about 1.4 and
from DS 0.5 to 1.6. Compar.

unt of the second acyl component ranges

tained by Salin et al. In this study
cellulose esters with DS v. n the rang to 3.0 were prepared by reacting

at 60 °C. These esters were

studied in terms of theim¥iscesiy 1 solution endent on the acyl moiety.

Furthermore, the prepa g’ of mixex s of e in TFA was investigated
wd) 478 \ ’

using mixtures of acetigfa | acids. Its was stated that method

advantage compar d 1e functi zation ons in -‘rivatizing solvents is that
acylation with highly ‘reactive can be i were’ common organic solvents
avoiding side reactions. Important intermediates are m trifluoroacetates, formates,
and dlchloro:éjates asPwell as trialkylsil§d derivatives of cellulose of various DS

values [55] ug gdm nb w'l& lﬁ ﬁm homogeneous phase

with carbonic qgmd chlorides andganhydrides or with the freg ,acid after in situ
sy RGBT ALY BT 1 o v o
backborld during the subsequent functionalization and is cleaved off during the work
up procedure in protic media eventually catalyzed by changing the pH values to acidic
or basic conditions. In case of the trialkylsilyl cellulose derivatives the application of
fluoride ions for deprotection is a suitable method as well [56]. Typical examples of

homogeneous esterification reaction carried out via intermediates are given in Table

2.4.



33

Table 2.4 Examples of subsequent reactions on cellulose intermediates isolated under

aprotic conditions with different degree of substitution (DS)

Cellulose intermediate/DS Reagents Cellulosic products
(after work-up)
Cellulose Pyridine/ SO; Cellulose sulfate
trifluoroacetate/1.5 N, N carbonyldiimidazole/4- | Cellulose-4-
nitrobenzoic acid nitrobenzoate
4—N1tr enzeic acid/tosyl Cellulose-4-
// nitrobenzoate
l-..,__~__. yl ch @ Cellulose palmitate

.’3

ydiutr CMC
\
l/ AR [ -

Cellulose formate/2.2 ?/ . ne !:'l' . Cellulose sulfate

Cellulose sulfate
CMC

Cellulose Cellulose sulfate

dichloroacetate/1.6 Cellulose
phenylcarbamate
Trimethylsilyl Cellulose-3, 4-
cellulose/1.6 dinitrobenzoate
Trimethylsilyl Cellulose-4-
cellulose/2.5 ALO 1A £ &‘itrobenzoate
L 11 1] @Garboxylmethyl
F— cellalose
NELIBERLE

Besides the preparation of inorganic esters and carbamates
via cellulose intermediates (CTFA, CF and cellulose dichloroacetates), the synthesis
of carbonic acid esters was extensively studied. In addition to the conversion with
aromatic acids, e.g. 4-nitrobenzoic acid, 4- nitrocinnamic acid, and long chain fatty
acids (palmitic acid), the synthesis of spacer modified unsaturated ester (e.g. N-
cinnamoyl-11-aminoundecanoic acid) was investigated. For the first time it was

shown that N,N-carbonyldiimidazole and chloromethylene-dimethyliminium chloride
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(CDIC) can be used for the in situ activation of the carbonic acids which is a new tool
for cellulose derivatization (Figure 2.15) [57, 58].

The rather uncommon activation with CDIC was exploited
for the synthesis of cellulose-4-nitrobenzoates starting from CTFA (DScrraof 1.5)
dissolved in DMF and yields polymers with DSNitrobenzoateOf 0.5 soluble in DMSO. The
reaction with N, N-carbonyldiimidazole is an efficient and mild process [59]. Thus,
the activation of the carbonic acid is carried out at room temperature in DMF. The

esterification succeeds at 60°C. Produgt th DS values of up to 0.9 can be obtained

from cellulose trifluoroacetate e trifluoroacetyl function is usually
removed during the work 7 edia. Therefore, a rather pure
final product is isolat c ctionalization in verse to the
intermediate applied as NV R spectroscopy. Thus, the ester function
introduced in the first st gt

substituents can be realized. obse at for the preparation of the aliphatic

esters the Tos-Cl in 101 yields nighest DS values. In contrast, for the
preparation of arom j'i 4 ittobenzoates utilization of N, N-
carbonyldiimidazole is : J hoice. Not worthy in this regard is the
synthesis of cellulose sulfu anﬁlj’al.ff:s e A showing a very selective O-3
sulfation [60]

2.6.2 sterification

0omogeneous ester’mcation new paths were

developed for eittiligen&ﬁ r.?icesses It%must be pointed out that heterogeneous

1& mﬁrw &']pfltﬁ used. All large-scale

processes are e)?é'lluswely carried out’heterogeneous which, howeyer, is not a topic of

s} PR WL REIR

A very efficient method for cellulose esterification under

processes (at

heterogeneous reaction conditions is the so-called ‘impeller’ method. The carbonic
acids used are converted to reactive mixed anhydrides during these reactions.
Chloroacetyl-, methoxyacetyl-, and most important trifluoroacetyl moieties are used
as impellers [62]. Tri-O-propionates and tri-O-butyrates of cellulose can be obtained

in this way [63] which were part of a series of DSC studies including also
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regioselectively substituted mixed cellulose ester (e.g. titanium-(IV)-alkoxid

compounds like titanium-(IV)-isopropoxide shown in Table 2.5.

Table 2.5 Long-chain cellulose esters synthesized by titanium (IV) isopropoxide-
catalyzed reaction in N, N-dimethylacetamide (AGU, anhydroglucose unit)

Carbonic acid Equivalent | Time | Temp. DS M, My, T,
anhydride perAGU | (h) | (c) |(H-NMR) | 10° | 10° | (O
Acetic/hexanoic | 2.00/2.00 9 155 1.91/0.75 | 40 164 149
Acetic/hexanoic | 1.00/3.00 | 9. .‘ 1.38/1.36 |35 113 122
Acetic/hexanoic | 0.00/4.50. aé ' 0.12/2.39 |33 245 | 119

Acetic/nananoic | 2.00/2 QN S—r ..—- 03/0.70 | 44 177 129

Acetic/lauric 3.50/" . 4( . 4070. 96 295 165
Acetic/palmitic | 2.0072. N ' 33 125 | 156
Acetic/hexanoic | 0.00/3. SN AN o 2 23 61 104

Acetic/nonanoic | 3.0G 43 220 l6l
Acetic/nonanoic | 1.00/ A1 | 44 182 118

Acetic/onanoic | 0.00/400 f{ad< “1agof Kid/13s |31 (200 | 110

ik ; st can be applied for the preparation of
. . 2= ..!‘:5';"_ -
partially esterified cﬂulose deérivatives “an appre e splvent is used. Furthermore,
\
the esterification of Setiuh ose Wi ith—acetyl—chionde 29 ated temperatures and in
vacuum using 1,4-dioXz n/pyridine , Ej known. Vacuum is applied

to remove the liberate HCI during the reaction [64].

¢ a o .

le by conversion of
cellulose susp@yﬂ;:aim ﬁ)ﬂ?ﬁrﬁﬂﬂ acid chiorides as activating
agent. i s, d s ined.in a“wide range of DS
valuesﬁﬁﬁﬁmﬁmplﬁcﬁﬁu ce of Tos-Cl or
methanesulfonyl chloride. Highly efficient is the reaction with the alkali or alkaline
earth salt of acetic acids in combination with Tos-Cl [65]. These methods were
extended for the preparation of aromatic cellulose ester, e.g. nitro-, chloro-, methyl-,
methoxy-benzoyl esters and 4-azido-benzoyl ester. On the other hand, it is possible to
carry out tranesterification reactions. For this procedure it was shown that a certain

combination of reagent and solvent leads to a modified distribution of the ester

functions within the AGU.
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The classical method to prepare cellulose ester, i.e. converting the
polymer suspended in pyridine with carbonic acid chlorides, is still an important
procedure even to synthesize cellulosics with unconventional functional groups and
hence with new properties. For example, products containing photo reactive moieties
like stilbene-4-carboxylate-, cinnamoyl-, 2-methylstilbene-5-carboxylate, and p-

phenylazobenzoate functions were synthesized recently.

2.7 Microwaves Ener;

Microwaves are 2 etic energy. Microwaves, like all

electromagnetic radiation,™h onent as well as a magnetic
component. The micro

by wavelengths betw

etic spectrum is characterized

nds to frequencies between

300 MHz and 300 G household : oven uses it is important to
recognize that the en e - \ s insufficient for breaking
covalent chemical bond to narrow speculation on the
mechanisms for enh xed frequency of 2,450 MHz

,#‘:‘xa._ ;
One:fan branly characterize

materials behave in a

: N afer, carbon), they can reflect
the energy (e.g. metalﬂor they ¢ - en@y (e.g. glass, PP). It should

be noted that few materials are either pure absorbers, pure reflectors, or completely

transparent to ﬁcﬂrﬂfj%ﬁ!ﬁ ﬁ%ﬂﬂﬂﬁlmemal as well as the

physical size an@ishape, will affect how it behaves ina mlcrowave field

QT YRR (BT < i

depth. That is, microwaves can penetrate only a certain distance into a bulk material.
Not only is the penetration depth a function of the material composition, it is a
function of the frequency of the microwaves. If the penetration depth of material is
less than sample size, it is considered as a "surface heating”. On the contrary, a
"volumetric heating” will occur in a bulk material when the penetration depth is larger

than a sample size.
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- Two Principal Mechanisms for Interaction with Matter
There are two specific mechanisms of interaction between materials
and microwaves: (1) dipole interactions and (2) ionic conduction. Both mechanisms
require effective coupling between components of the target material and the rapidly

oscillating electrical field of the microwaves.

Dipole interactions occur with polar molecules. The polar ends of a
molecule tend to align themselves and oscillate in step with the oscillating electrical

field of the microwaves. Collisions 2 ction between the moving molecules result

Ionic fferent from dipole interactions.
nt. They are charged species

ing electrical field of the

Obviously, ions in so
that are distributed

microwaves. The effecti ing of an ionic solution is a

predict their behavior in t One calculated parameter is the
dissipation factor, often called tﬁ" he dissipation factor is a ratio of the
dielectric loss (loss jactor) m’tﬁé’ dwi Faken one more step, the
dielectric loss is a micasi & of hiow well a mater ial a s the electromagnetic energy

to which it is exposedﬁ;hl 1S aﬁleasure of the polarizability

of a material, essentlalp how strongly 1t resists the movement of either polar

molecules or ‘ﬂ“‘f{ﬂ’,} ﬂ ﬁﬁlﬁ%tﬁdﬁlﬂﬁloss and the dielectric

constant are medsurable propertles

q w qllaw ﬂ?m %ﬂﬁﬁlq ’% ‘ﬁl‘ﬂ ﬁmﬂa gonventlonal

Means

- Conventional heating methods [66, 67]

In all conventional means for heating reaction mixtures,
heating proceeds from a surface, usually the inside surface of the reaction vessel.
Whether one uses a heating mantle, oil bath, steam bath, or even an immersion heater,
the mixture must be in physical contact with a surface that is at a higher temperature

than the rest of the mixture.
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In conventional heating, energy is transferred from a surface,
to the bulk mixture, and eventually to the reacting species. The energy can either

make the reaction thermodynamically allowed or it can increase the reaction kinetics.

In conventional heating, spontaneous mixing of the reaction
mixture may occur through convection, or mechanical means (stirring) can be
employed to homogeneously distribute the reactants and temperature throughout the
reaction vessel. Equilibrium temperature conditions can be established and

maintained.

int, it should be noted here that in

all conventional heating o i the highest temperature that can be
- e ——

achieved is limited by mixture. In order to reach a

higher temperature in : 1gher-boiling selvent must be used.

omewhat differently from

e

from the surface of 95 vessel; the ves

loss from the reaction @

Second, for microwave ¢heating to occur,gthere must be some component of the

casion sl SUb ) RIS W SLATN o witt penmc

the reaction mixﬂlre, and if they are absorbed, theginergy will be &9nverted into heat.

o NPT L6 B o v

convectiéh, or mechanical means (stirring) can be employed to homogeneously

distribute the reactants and temperature throughout the reaction vessel.
- Microwave Effect

To understand how microwave heating can have effects that
are different from conventional heating techniques, one must focus on what in the
reaction mixture is actually absorbing the microwave energy. The simple fact is that

materials or components of a reaction mixture can differ in their ability to absorb
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microwaves. Differential absorption of microwaves will lead to differential heating
and localized thermal inhomogeneities that cannot be duplicated by conventional

heating techniques.

To illustrate the consequences, several examples are presented
wherein we consider microwave absorption by a bulk solvent and/or by the minor

concentration of reactants in the solvent are considered.

Example 1: Solvent and reactants absorb microwaves equally

bsorb microwaves equally, then energy

transfer and heating will occu ) th pth of penetration into the bulk
mixture. Homogeneous ié acton-C onditibns ﬁblished with thorough mixing,
and at equilibrium (che Caland.the }u ‘ he te ¢ of the reactants will be the
same as that of the b . is\ case . 1 rates can be increased by

increasing the tempera easily be achieved using

closed-vessel microws tion chemistry and solvent.
Alternatively, using cogVentiopal hea 8 te miques, higher reaction temperatures

can be achieved in a closedl rgact § tett, bf'by using a higher-boiling solvent in an

Example 2: Solvent absorbs l.‘ - * ants much less so
| -U":-J_'

ithe reactants do not absorb
(or absorb to a lessexxtent than the i’"’ ansfer and heating of the
solvent will occur to alle depth of penetration. The bulk solvent will, in turn,
heat the reactants by conduetion. Homogenéous reaction conditions can be established

wits torongt B St U B I ATV e et i bt

same as that ofﬂxe bulk solvent. This case is littlgiifferent from &glventional heating

R EY GF G BN B ey ot v

reaction ‘mixture. Using closed-vessel microwave techniques, as previously described.
In conventional heating techniques, higher reaction temperatures can also be achieved
in a closed-vessel reactor system, or by using a higher-boiling solvent in an open

vessel.
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2.8 Degradation of Cellulose
Cellulose is a long-chain carbohydrate with no crosslinking. The large

number of hydroxyl groups in each molecule results result in a lot of hydrogen bonds
and a consequent strong attraction between the chains. Therefore, cellulose is not
thermoplastic and, therefore, can not be extruded. Cellulose films are not edible.
Modification can solve this problem. Cellulose ethers (methyl cellulose (MC),
carboxymethyl cellulose (CMC)) are edible. These films have moderate strength, are
ils and fats [68]. There are six broad

hydrolysis, thermal, oxidative,

flexible and transparent and resistan
categories of degradation of :zi_,_L\ y ine
radiative, and biological »degradal [6 " details of each category are

pH and already proceed | b and temperatures well under
100 °C. Initially the acetal oxjge: ; ;f - ' idic linkage is protonated. Through
heterolysis, an intermediate & a7 don/ rmed, causing chain splitting. The
carbonium ion finkiEgdl sater. which reforins/ the proton. Figure 2.16

of cellulose.

CH,0H H
o 0
HO + Ho OH
RoXow X + | ——> R_XoH + H*
N N
0 0
OH OH

Figure 2.16 Degradation by acid hydrolysis.
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2.8.2 Degradation in Alkaline Media

Hydrolysis of the b-glucosidic linkages in alkaline media occurs at
a significant rate only at temperatures above 150 °C. It is most probable that chain
splitting proceeds by way of the 1, 2-anhydro configurations, as shown in Figure 2.17.

I .as sis of the glucosidic bond is
remarkably enhanced (b-climin Gdm, lative changes at the C-2, C-3, or C-6
carbons leading to carbonmy l “An ple of this chain-splitting reaction,
which can even occur a es, is shown in Figure 2.18.

e

'-ll |
ﬂum an e
ammmmﬁmmmaa

0 o ¢ .
R R
o o0

HO COOH

Figure 2.18 Degradation in Alkaline Media of the glucosidic bond.
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2.8.3 Oxidation Reactions
The hydroxyl groups and the aldehydic end groups participate in
the oxidation reactions of cellulose. These reactions form aldehyde, ketone, and
carboxyl groups. Extensively oxidized and degraded products are designated as
oxycelluloses. Some oxidizing agents show specific action. They attack only specific
functional groups, forming defined oxidation products. Other oxidants react
nonspecifically with all types of oxidizable groups in the cellulose molecules. Under

attack only the aldehyde end group on C-1,

# er oxidant with specific action is
.the carbon atoms C-2 and C-3,

special conditions hypoiodite and ¢

oxidizing it to form a carbo

thus causing ring-splitﬁn mi structure is shown in Figure
2.19. |
OH
0
O

allon reactions are known to

occur with cellulose a dlfferent temperatures. Degrada on at lower temperatures (as
in aging of ¢ %’ rmo-oxidative and/or
hydrolytic. As%‘ﬂir mgj ﬂs ﬁ(ﬁvj:n function of humidity,
light, oxy avallablllty etc Addition to temperature. At higher temperatures
20 R SVOL b oAty E LBl e 1
elunmatl%n from the cellulose hydroxyls. At still higher temperatures (>250° C),
several competing pyrolytic reactions begin to take over. These reactions can be
grouped into three basic classifications: the first group occurs at lower temperatures
and is similar to the aging reactions. Products are water, CO, CO, and a carbonaceous
char. At higher temperatures, another reaction begins to take over which results in

depolymerization of the cellulose chain and formation of anhydroglucose derivatives,

volatile organic materials and tars. At still higher temperatures, more-or-less random
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bond cleavage of cellulose and intermediate decomposition products results in

formation of a variety of low molecular weight compounds [70].

2.8.5 Radiative degradation

Radiatiative degradation can affect nature polymers (cellulose,
hemicellulose, and lignin) in two  ways, chain scisson and

crosslinking. Photochemical radiation, such as light at 2800 angstroms, has the ability

to break C-C bonds and both sciss inking. Stronger radiation, such as

high-energy electrons, X-rays initiate the formation of radicals

- . J . - .
which can unsaturate dw o-and~lead to both chain scission and
crosslinking. The predom gely cros i ned mass or a jumble of low-

molecular-weight fragme u | e of crosslinking, a function

1 A\ degradation, photolysis, and
f phiotochemical radiation, light in
arts energy in the range of 100
to 1000 kcal/mole. Degradati a- olymér chain by this method is due to the

absorptlon of energy in dlscretsg}@. units by specific functional groups that are on

Rad of 10nizing radiation, which is

X-rays, electron beamis, and gamma rays. Radicals for ‘ by a random ray striking a

particular ato ﬁbj El] HT?Q mrje of a radical initiates
unsaturation i ﬂ ing, as well as volatile
fragements t tfﬁmﬁtquthﬁo%aiﬁ. of more ﬁdﬁlﬁ etrati ﬁﬂ(he reactions.

2.8.6 Biological degradation

Driven by the awareness the care should be taken not to exhaust
the world’s natural resources and deteriorate the environment by wusing non-
degradable and non-recyclable materials, the development of biodegradable polymers
has been focused. In general, the fully recyclable materials are completely

biodegradable within a considerably short period of time. There is an enormous
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potential for application of natural biopolymers as the packaging materials of the
future generation [72].

Biopolymer films are generally designed using biological materials
such as polysaccharides, proteins, lipids, and their derivatives. Films primarily
composed of polysaccharides (cellulose and derivatives, starch and derivatives, gum,
etc.) or proteins (gelatin, gluten, zien, etc.) have suitable overall mechanical and
optical properties. In contrast, films composed of lipids (waxes, lipids or derivatives,

etc.) or polyesters (poly-D-B-hydroxybutyrate, polylactic acid, etc.) have good water

vapor properties, but are usua aque ively flexible. Lipid films could also
quite fragile and unstable. ., |

a natural level is familiar to
everyone in the fo fossil fuels, and complete

degradations such as cellulose, hemicellulose, and

lignin).
ceptible to biological attack

include:
bacteria and fungi.

ical sagents, through enzymatic

~hyd

ﬂ%ﬁ‘?ﬂﬂ%ﬁ"ﬂﬂ ig.]“ﬁ fical mode of polymer

degradation, peftaining to the decomposition of polymers that are a part of organized
living i rgani i ‘v \iﬁ q’t’ have enzymes
that cajgaﬁ:lau gﬁﬁmﬂmj tei ﬂ:lﬁ Eestive systems,
which have become highly specific to their biological process. This beta 1, 4
glucosidic linkages is broken by beta-glucosidase: [73].

b-1, 4 glucanase b-glucosidase

Cellulose = ————» Cellobiose »Glucose
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Enzymatic degradation occurs by a catalytic process. Molecular
conformation is very important to the specificity of the enzyme, and the enzyme can
be rendered inactive (denatured) very quickly by varying the pH, temperature, or
solvent. Some enzymes require other enzymes (co-enzymes) to be present in order to
be effective, in some cases forming association complexes in which the coenzyme

acts as a donor or acceptor for a specific group.

In synthetic polymers, chain ends tend to be deep in the polymer

slow.

hemicellulose, and lig es that are the backbone of
the cellulose, hemice an aerobic (fungi) or an
anaerobic (both fungi microbial degradation is
theoretically possible. onditions (water, light) are rarely
found and the microorg rate deeper than the surface of a

2.9 Microwave Induced Esterifiéatién of Cellulose

Since this! work d the microwave induced

esterification of paper ?ulberry for degradable film preparation. Therefore, some

related researc 1 :ﬁr i M :

In@@ZSa eﬁﬂﬂi s P rgfla’nljﬂ.jrausz, and C. Petit [1]
examin id, homogeneo fﬁ' i ﬁe i cﬁ y microwave
irradiat@.ﬁ?lﬁlﬂﬁwﬁk m’cjn ﬁﬁlﬂ 'E-It;nd chain acyl

chloride in homogeneous media induced by microwave irradiation. The system used

was cellulose/lauroyl chloride/DMACc/LiCl and DMAP as a catalyst. The used of

microwave resulted in a dramatic drop in reaction time: 1 min irradiation was

sufficient. They studied the degree of substitution (DS), weight increase and molar
yields in function of lauryl chloride and DMAP amount. They also determined
mechanical and thermal properties of the sample with DS = 2.4. The results of this

experiment found maximum of the microwave irradiation power of 300 W for 60 s.
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Increasing reaction time beyond 1 min resulted in a temperature increase and cellulose
degradation as attested by a drop in WI (%weight increase). DMAP did not have any
influence on the DS, but the yield was dependent on DMAP especially for the lowest
lauroyl chloride concentrations. Either DS or yield was influence by lauroyl chloride,
when lauroyl chloride (equiv.) was increased, then DS will increase until to constant.
In term of WI, when lauroyl chloride (equiv.) was increased, then WI will increase

until to constant. The plastic tested had a DS of 2.4. The elastic modulus is much

lower than those of packaging produ‘ghe thermal decomposition temperature was

185°C. The loss of weight ? weight loss revealed a modest
biodegradation of plastlc f 15% in weight for DS =0.7.

rification under microwave
the diffenrent parameters such
d duration of reactions upon
itions for carrying out direct
stearic acid under microwave
10 acid-1: 3, catalyst 0.044 mol p-toluene
heating 600 W and duration

carate with 0.26 degree of

substitution and 31.6 ’o of combined stearic acid WHOL they use cotton and 0.23

degree of subs %I en they use alkaline
cellulose, wh1 hﬁﬁjﬂfﬁ ::1 itect esterification is not
observed. At tranestenﬁcatlon carried out under the same conditign for the period of
10 minoh PR Elofs) Beiclofishfionlob i) @bipd and 429 % of
combined stearic acid is obtained while under the conventional heating conditions in

the presence of the solvent dimethylsulphoxide and duration of the process 360 mins

the cellulose stearate has degree of substitution 0.35.

In 2000, Erik Esveld, Farid Chemat, and Jacco van Haveren [9] studied
using a pilot scale continuous microwave dry-media reactor the production of waxy

esters. The solvent free esterification reaction between stearic acid and stearyl alcohol
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has been examined with montmorillonite clay as catalyst. To aim for industrial
application the system has been studied on reaction rate, product purity, catalyst
behavior and water removal as function of the process conditions. To avoid an
etherification side reaction and to aim for the highest reaction rate, the temperature
should be strictly maintained at 170 °C. This is providing on larger scale by the
application of microwave heating. Although the examined acid clay was found to lose
its catalytic activity at very low water activities, a yield of 95% pure stearyl stearate

can be obtained by simply filteri f the clay without solvent extraction or

distillation. The waxy estenfk s investigated with the pilot plant
continuous microwave : he reaction time needed for 95%
yield was reduced by a
reactors. This was due ¢ v : homog tranfer of microwave, which
allows reaching a high |

In 1999, reparation of biodegradable
ith the aim of the obtention

plastic in microwave

of biodegradable mater;  describe thod for the esterification of

microcrystalline cellulose olog s microwave irradiation under

solvent-free conditions in the me. sie.catalysts such as DMAP, Al,O;, and
- ,-‘..f; S

K,COs. In a general procedure, a mix y acid chloride and catalyst

found that the reactioﬂime had dropped to 9 -&n. The plastic obtained were

analysed by infra-red speetroscopy and NMR. In conclusion, they have prepared a

plastic in ecoﬂnuag midlchfal s Ty flafe $6%m) for the first time, that

microwave irrddiation could be lh‘ied for the modlﬁcatlon of naturally occurring

R RIRIATU RN MNYINE

Fritz and Shenk [74] have shown that acid catalysis occurred to a
significant extent even in the presence of pyridine, which was present in a large
excess over the sulfuric acid. Furthermore, pyridine was not an ideal catalyst.
Therefore, they suggest that sulfuric acid could catalyst the tranformation of pyridine
in a very reactive cation, as already described for the acid-catalyzed acetylation of
cellulose when sulfuric or perchloric acid was used. Pyridine might form a pyridinium

salt with hydrochloric acid released by lauroyl chloride during esterification. This
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mechanism is further supported by the fact that alkaline activation, which also leads to
a decrease in the degree of polymerization, gives a low amount of esterified product

(0.04 g/g after alkaline activation, instead of 1.93 g/g after acid activation).

In 1994, Pinglang Wang and Bernard Y. Tao [75] investigated synthesis
and characterization of long-chain fatty acid cellulose ester (FACE). Long-chain fatty
acid cellulose esters (FACE) were synthesized by acid chloride-pyridine reaction with

different degrees of substitution D he hydrolyzed soybean oil was used as

unsaturated fatty acid, its unsatu \ \ ZLeCs ad composition were analyzed by 'H
and *C-NMR methods.
state *C-NMR, and substi
analyzed by IR spectrgse®

such as benzene, tolues T/ atrefluxing te nperature. As the DS increased,

the tensile strength of exifudgll FACEfilms decreased, but elongation increased.
| N ye |
4 J?J_- 2l - k! .
In 1995, S. Thieb g@ E. Borredon [76] studied solvent-free wood

esterification with fatty acid hlo;ﬂé’n s ood esterification using fatty

acid chlorides in the abséncé/of orua s is proposed. The experimental

conditions being optimal (mttégeﬂ‘;ﬂﬁvg,-
of fatty acid chloridg); there was an increase in weishtbf 87% and a 60% ester
f : o

mperature and reaction time, quantity
content for the samp '-,' gste Results, they found nitrogen

flow rate increase and /o weight increase increase unt o constant of 2.0 g of wood

with 0.3 mole ﬁ{ﬁ?ﬁﬁﬂ m pi)ﬁ ﬁv time; when reaction
time increase il ood with 0.3 mole of
CsH;sOCI at 120°C, nitrogen flow rate 170 mbfmin. Effect o mperature; when

temper’sﬂuﬂ’lﬁ A SR AN A s

% WI decrease The infra-red analysis before and after esterification; the intensity of
the absorption band of the O-H bond vibrations decrease, whereas those of C-H and
C-O bonds increase. This synthesis method was applied was applied to other acid
chloride. Significantly less weight increase was obtained with an increase in the
number of carbon atoms in the corresponding acyl group. The change in apparent

melting temperature when increase in the number of carbon atoms result in a decrease
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in the apparent melting temperature of the esterified specimen and was improved in

thermoplastic properties.

In 1996, James E. Sealey, Gamini Samaranayake, Jason G. Todd, and
Wolfgang G. Glasser [77] investigated novel cellulose derivatives preparation and
thermal analysis of waxy esters of cellulose. Cellulose esters with linear aliphatic acyl
substituents ranging in size from C,, (lauric acid) to Cyy (eicosanoic acid) were

prepared in homogeneous solution (DMAc/LiCl) using a novel synthetic method

attributed to side-chai allinity (wete 0bse ¢ | in"the range between —19 and
+55 °C; these side-c K es increased by 10 °C per
carbon atom of the este ese derivatives increased linearly

(cellulose ecicosanoate). Eviggﬁ@i main chadin crystallization was not observed for
Eafr ey S
these samples, exc‘q\% in the case of perace and C,4 esters, which had T,

values of 96°C and 107° :
4l

7
In 1998, S.Thiebaud and M. EJBo‘rredon 78] studied the analysis of the
liquid fractio &@m&fnwﬁlw&] 0 yk chloride-production of

esterified hemi%'lellulose. Solvent-frge esterification of wood with, octanoyl chloride

produled ERFRT Tl MR DGV B Blster coment of

60%. HBwever, a fraction of sawdust (22% of the esterified wod) was solubilized

during this esterification. Chemical analyses showed that it contained essentially
esterified and hydrolyzed hemicelluloses with small amount of esterified cellulose.
The reactivities of oakwood sawdust and wheatbran hemicellulose were compared
under different reaction conditions. Pure hemicelluloses were more reactive and more
readily hydrolyzed (without using solvent) than sawdust, to give esterified oligomers

and polymers with a high degree of substitution, and which were solubilized (48% of
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the esterified hemicellulose) in the reaction medium. The use of pyridine as a toxic
solvent limited the acid hydrolysis of the polysaccharides chains and therefore their

solobilization.

In 1999, G. Chauvelon, L. Saulnier, A. Buleon, and co-workers [3]
studied acidic activation of cellulose and its esterification by long-chain fatty acid.
Celluose-enriched residues from wheat bran can be transformed in bioplastics after

esterification of the cellulose by lauro ride. Before the esterification reaction, an

activation step with a swellin, ilute acid and subsequent drying was
: the amount of esterified product
and its degree of subtituti i re cetlulose as well as cellulose-enriched
' se was totally recovered after
‘ 0se chains occurred during the
drying step, which probably improved 5 € , bility o chemical reagents. Results;
The amount of esterified groduaf was highef in Rind than in Ralk (0.75 and 0.66 g/g,
er amount of sulfate linked
'F':;; ic ac d, Ralk had long cellulose chains.
A'(68%) than for CF (92%), but the

respectively), despite a
to cellulose. After a pretre
The yield of recovered glu oséﬁlﬁ’ - for (
amount of esterified products _@@4}/ = Zher than for CF , which was explained
by the higher DS_obidined for CA (1.7) th

cellulose had also ad important inf J‘"’ ation by lauroyl chloride

1.2). The crystallinity of

since the yield of recayered cellulose was higher for CQ(92%), which is amorphous,
than for CA (68%).In coftrast, the DS was fower for CF than for CA. The degradation

of cellulose ﬂ%ﬂ@gﬂst&lfﬂ@ Weﬁlsm .§:id used for the acid

activation was %o concentrated; this degradationﬂlas probably @ to the hydrolysis

o O TP TN U B . o

crystallifie cellulose to be 0.75 mol/L.

In 2000, J.M.Fang, R.C. Sun, J. Tomkinson, and P. Fowler [79]
investigated acetylation of wheat straw hemicellulose B in a new non-aqueous
swelling system. The acetylation of wheat straw hemicellulose B was carried out in a
homogenous N, N-dimethylformamide and lithium chloride system with acetic

anhydride using 4-dimethylaminopyridine as a catalyst. The degree of substitution of’
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hemicellulose B acetates ranged between 0.59 and 1.25 as a function of experiment
conditions. Under an optimum condition (85 °C, 60 h), approximately 75% of the free
hydroxyl groups in native hemicellulose B were acetylated. The molecular weight
measurement (31,890-34,090 g/mol™') showed a controllable degradation of
hemicellulose B chains during the reaction at temperature 60-85°C and duration of 2-
60 h. It was found that the thermal stability of the products was increased by chemical

modification.

In 2001, Yifan
degradation of new cell comp

cellulose- based comple
methods. The result shg

66.7% and the copper 4 / ¢ /.58 after 9 weeks as measured
; ! m ular weight decreased 38.7%

and the copper numbCr in€rease i -1824c 14 weeks of exposure under

g, and Jianan Chen [2] studied
. The degradation of a kind of
the soil bury and exposure
veight of the sample decreased

by the soil bury method

the sun.
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