CHAPTER 11
LITERATURE SURVEY

2.1 Cellulose: structure features and properties

microfibrils (2-20 nm diameter and 100
&)rong framework in the cell walls.
wodﬂmmcrcial cellulose production

or on the highly pure sources

2.1.1 Source of cellulose

Cellulose is found i

- 40000 nm long). These fo%

Cellulose is mostly pr
concentrates on easily

such as cotton (Tabl terial, cellulose may contain

by-products, i.e. appli chemical modifications are

Cellulose is a p&i;llspc o lines homopolymer consisting of regio-
and enatioselecti\jf:l B-1, T :gly&o idic linked D-glucose unit (so-called
anhydroglucose unifs, A 1y : ] ymer  contains three reactive

4 are, in general, accessible to
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the typical conversions of prlmary and secondary alcoholic OH groups. [2, 3]
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d celluldse shows @ ordefed microcrystalline
seucriy W S ST EAI IR woms. e
crystalhne nature of cellulose originates from intermolecular forces between
neighbouring cellulose chains over long lengths. All native cellulose shows the same
crystal lattice structure, called cellulose I. However, various modification of native
cellulose can alter the lattice structure to yield other types of crystals [1, 4]. The
intermolecular forces in the crystalline domains are mainly hydrogen bonds between
adjacent cellulose chains in the same lattice plane, which results in a sheet-like
structure of packed cellulose chains. In addition, the sheets are probably connected to

one another by hydrogen bonds and/or van der Waal’s forces. The organization of
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cellulose molecules into parallel arrangements is responsible for the formation of
crystallites. The length of an elementary crystallite range from 12 to 20 nm and the
width from 2.5 to 4 nm.

e of cellulose [3]

\ 1

groups to from intermolecular

hydrogen bonds between néighbouring cell ins, in combination with the stiff,

straight nature of cellulose mo resultstin the formation of crystallite strands.
e

segments of long cellulose

Such a strand of
molecules constitu \!ﬂ'. R ich is the basic structural
component of the cellulose fibre. nking 'r@ons between the crystalline

areas in the strands have a-distinctly less pronounced organization and thus constitute
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aggregates caﬂtl,d micro- and m@croﬁbnls these aggregatlons are then further
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In this context, it is worth mentioning that the vicinal secondary
hydroxyl groups may undergo typical glycol reactions. Based on this molecular
structure, i.e. the tacticity and uniform distribution of the hydroxyl groups, ordered
hydrogen bond systems form various types of supra- molecular semicrystalline
structure. The signification of the accessibility factor in affecting the cellulose
reactivity is generally accepted today. Not only the crystallinity but also hydrogen
bonding pattern have a strong influence on the whole chemical behavior of cellulose.
A further consequence of supra- r‘c} r structure is the insolubility of the
macromolecular in the water as well as W n organic liquids, which stimulated
and still stimulates the Seareh- EE;;Lfor g)lve opriate for homogenous phase
reactions which are Stllm iona synthesis [6]w

n'insoluble molecule consisting of between 2000 -

14000 residues with ¥ 'tlon being somewhat shorter. It forms crystals
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where intra-molecular OS @d 6, with H-O2) and intra-strand (O6—H

intrinsically no less hydrophlﬁb 16 @ydrophoblc than some other soluble
polysaccharides (such as amy{bse)r;thls, tém'- to form crystals utilizing extensive
A\

intra- and intermolecular hydroge ne makes it eoh P letely insoluble in normal

aqueous solutions.

2.1.3 A@ﬁ;ﬂ @ﬂﬁi’] ‘jmfln j emulsifier, stabilizer,

dispersing agent, thickener, and “gelling agents. Novel cellulose derivatives are
o Do) Q2503 SR H Tt TG concpt in
adopted qfor materials in general and packaging materials in specific. Derivative of
cellulose affords materials that are processible into various useful forms, such as three
dimensional objects fibers, and solutions to be used for coating or casting (of films or
membranes). Secondly, the physical properties of cellulose can be greatly modified by
derivatization. Cellulose derivatives were used into wide range of application such as
coating, control release, plastics, biodegradable, optical films, membrane structure,
composites and laminates [4]. Examples of some type of cellulose and applications

are given in Table 2.2. The modified properties of these cellulose derivatives give



entry into a range of applications greatly expanded from those available to the parent
polysaccharide. It is important to gain a fundamental understanding of how structural
changes are effected by cellulose esterification, the ability to predict how those
changes will impact properties and an understanding of how those property changes
translate into performance vs. application requirements, in some cases in cooperation
with other materials or ingredients.

Table 2.2 some types of cellulose.a ir applications [4]

épplications

Type of cellulose

b‘ﬁ‘\.\\ aging film, blister packs,

( yremium toys, electrical
: \\ \ os and electrical insulation

Cellulose acetate

hwiL

Cellulose acetate butyrate ( : i Brush nandles, safety goggles, blister

and cellulose propionate

Ethyl cellulose -~ Flashlight cases; fir@ s tinguisher components
)
PP t fice parts

L Y ﬂ?ﬁ’ﬁﬂ"’m T
Cenula fd VT flJ %JIWIQ\M ﬂ@ﬂfeﬂ fabricated

from sheet, rod and tube




2.2 Media for cellulose functionalization

A major stimulation for the investigation of alternative paths for
polysaccharide functionalization was the discovery of a variety of new solvents for
polyglucans especially for cellulose with its extended supra-molecular structure. Oof
course, the main driving force looking for new ways to dissolve cellulose is the need
to develop alternative paths for fiber spinning and related processes excluding well

documented problems of the viscose process. In addition, the use of cellulose solvents

for characterization of cellulosw‘m‘@ grown in significance over the last
years as well. A detailed @Qﬁlon a ellulose solvents known and the
e

mechanism of dlssolwrell 'i)eyowof this part. Several good,
comprehensive revieW ¢ \

Dissolution of Cstrays the hlgHQrgamzed hydrogen-bonding
system surrounding th in. It needs to be mentioned that not
only the physical dissol 'ysacchari O\OIié-derivatization) is capable for

alternative synthesis ation after partial derivation, i.e.

after dissolving the pol

cellulose intermediates are fofnz.in. smw;tr ucing new functional group via

covalent bonds especially csjﬂr /MOIE rather low hydrolytic stability.

Furthermore, it 1sTpBSSIble to isolate these Maﬁ? or to synthesize similar
compounds and to eofiduct subsequently the us modification starting from

ganic solvent. A clear line between these

the polymers dlssolvéd in an iner
cellulose intermediates dndstrue cellulose derivatives can not be drawn. But it seems

reasonable toﬂﬁ%c&]u@emgl%tg Mygaiﬂ@stable cellulosics that

can be either %Ibtained by isolatign from solugc.)ns of derivat'g}ng solvents or as
> RRARETTEH HNITHI BT R By clowvee of
during 4 common work-up procedure, e.g. in aqueous media . An nice example is that
of 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 [12].

Non-derivatizing solvents include both single and multi-component systems.

Although a wide variety of these solvents were developed and investigated in recent
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years only a few have shown a potential for a controlled and homogeneous
functionalization of polysaccharides. Limitations are high toxicity, high reactivity of
the solvents leading to undesired side reactions, and the loss of solubility during
reactions yielding inhomogeneous conditions by formation of gels and pastes which
can be hardly mixed and even by formation of deswollen particles of low reactivity

which set down in the reaction medium.

iss ution with.

erivatizing solvents

Examples
HCOOH
N-Dimethlyormamide / N0,

%
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* Me

Figure 2.2 Qzuﬂ g mﬂnjlmﬂlgn jmedlum for chemical

functionalization reaction
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A suitable, though approximate classification of cellulose solvents which will
be used in this paper is given in Figure 2.2 and identifies three types of systems,
namely non-derivatizing and derivatizing ones subdividing in aqueous and non-
aqueous systems. The main idea of this part is to discuss cellulose solvents which may

be used as reaction medium for chemical functionalization of cellulose.
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2.2.1. 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
solution provides high quality products for hemodialysis [13]. It is even possible to
dissolve the polymer in about 10 ‘V ﬁf us NaOH solution, however the solubility
is limited to cellulose of compqably f polymerization (DP) of up to 200.
Recent results were publlshhjsogﬂ alla{14] . The application as medium
10 hzauo“’n'-namgns is just of limited interest.

hes m\edla t(;Mydrolysm of reagents applied
p}lriﬁcaﬁan‘of the derivatives obtained,

for completely homo

This is due to the hig}

for modification, pro

solution of Ni(tren)(OH); [msalénxxno@nine], were studied in terms of the

mechanism of dissolution ﬁnci for thelme‘mial,, as medium for homogeneous
A . £ ,

etherification reactiozs-Ji-has-been-showii-Hiai-the acw al complexes (Ni-tren and

¢ and coordinative binding of

the hydroxyl groups 1n the 2 and 3 positions within the anhydroglucose units (AGU).
It is possible ﬁl \f ntratlon of up to 10%
(wW/v)) in a ﬂwvﬂge eﬁﬁﬂ mrnﬁy ellulose (CMC) [15].
Struc ﬁf sis_after chain degradation and
HPLC ﬁe iﬁﬁﬁ% ﬂmﬁa ﬂh’; a aroducts show a
statlstlc content of the different repeating units and a distribution of the
carboxymethyl functions on the level of the AGU in the order C-2 > C-6 > C-3, ie.
they posses the same functionalization pattern as ethers prepared in a highly swollen
state as applied for commercial production of CMC [16]. This result clearly shows
that both simple activation of cellulose with aqueous NaOH and the complete
dissolution of the polysaccharide lead to reactive sites with an almost even

accessibility and hence there is no particular advantage of a conversion of the

dissolved polymer [17].
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Table 2.3 Example of aqueous cellulose solvents

Type of compound | Solvent abbreviation Active species
Transition metal Cado [Cd(H,N-(CH;),-NH>)3](OH),
complexes with amines \\“ 'I [Cd(H,NCH,CH,);N](OH),
or NH3 \n oxen . [CO(N Hz'(CHz)z‘NHz);;](OH)z

bren [Cu(H,N-(CH,);-NH,),](OH),
[Cu(NHs)4] (OH),
 [Cu(H,N-(CH),-NH,),](OH),
[Ni(NHs)e] (OH),
[Ni(H;N-(CH,),-NH;)3](OH),
(Ni(NH;CH,CH,);N](OH),
[Pd(H,N-(CH,),;"NH,)](OH),

[Zn(H,N-(CH,),-NH,),](OH),
4

. p———— ;_"-vﬁ
Transition metal eomple m Nag[Fe(C4H;0¢)3]
with tartaric acid
‘ay o/
Ammoﬁnwp WW‘I ‘j w i qeﬂ 1 ammonium hydroxide
J €
TE})H Tetraethylammonium hydroxide
u .
RAINEUEM I N e
GuOH Guanidiniurn hydroxide
Alkali hydroxides NaOH
LiOH




13

Besides aqueous solvent complexes, molten inorganic salt hydrates have
gained attention as new solvents and media for cellulose modification. Thus, molten
compounds of the general formula LiX*H (X " =1, NO;™ ,CH3007, CLO4 “)were
found to dissolve cellulose with DP values as high as 1500 (Table 4) [18-20]. Very
effective is LiICLO4*3H,0 vyielding transparent cellulose solutions within a few
minutes. Furthermore, mixture of LiCLO4*3H,O with Mg(CLO4)/H20 or the
eutectic mixture of NasSCN/KSCN/HzO with different amount of LiISCN*2H,0 were
e of ’ O the dissolution is explained on the

S n% polarizing anion and polarizing
cation. In this regard it was'surprising'that :1€iOs#3H,0 gave the best results. The

reason should be strong 1n o v \\ th the hydrated Li' -ions and the

proved to dissolve cellulose.

basis of the salt composi

structure of the molten ~ d b3 ray scattering. The formation

of an addition compo ieraction between cellulose and

perchloride acid was“excluded. Jore it possible to acquire NMR-spectra in

these system and to reg

ﬂﬂﬂ‘?ﬂﬂﬂ‘ﬁﬂﬁﬂ‘i
qma\mm UANINNY
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Example of molten salt hydrates as swelling media and solvents for

Table 2.4
cellulose
Type Swelling of cellulose Dissolution of cellulose
Pure cellulose ZnCl,H,O
LiClO4*3H,0

_ Zn(NO3),*H,0(x<6)
eC 13 * 6H20

Salt Mixture
1240 1 iClO4*3H20/MgC12*6H20

\ iClO4*3H20/Mg(ClO4)2/H20
~ LiCOl4*3H,0/NaClO4/H20
LiCl/ZnCI2/H20

880 N/KSCN/LISCN/H20
NASCN/KSCN/Ca(SCN)/H:0

ﬂ‘lJﬂ’J‘VIﬂV TNYINT
qmmouizjemgrﬁ wﬁﬂﬂ the@s EJ: decades [18-

20]. Important examples with regard to cellulose functionalization are summarized in

table 2.5. A more detailed description of non-aqueous ,non-derivatizing solvents is

published elsewhere.
The system N,N-dimethylacetamide (DMAc)/LiCl shows an enormous

for the analysis of cellulose and for the preparation of wide variety of derivatives.
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Table 2.5 Typical non-aqueous cellulose solvents (in most a preactivation of the

cellulose is required)

Number of components Substance group Examples

Unicomponent N-Alkylpyridinium halogenides Ethylpridinium chloride

N-Methylmorpholine-N-oxide

Triethylamine-N-oxide

Biocomponent DMSO/methylamine
DMSO/CaCl,
NH,/Nal(NH4I)

(DMAG)/LICl

Pyridine/resorcinol

Sos/triethyl amine

Tricomponent NH; or amine/salt NH3/NaC/DMSO

AU BN NS,
QRN TN TR ™™

1
1

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 cellulose. Thus,
it was possible to investigate the dissolved cellulose by means of BC-NMR
spectroscopy, electro spray mass spectroscopy (EMI-MS), size exclusion

chromatography and light scattering technique. Although it is the solvent of choice for
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these applications. A dissolution mechanism for cellulose in this solvent has still not

been clearly postulate. Different solvent-polymer structures were proposed [21-25].

A number of modified compositions were investigated. DMAc can be
substituted in the solvent mixture with N-methyl-2pyrrolidone(NMP),  N,N-
dimethylformamide (DMF) , DMSO, N-methylpyridine or hexamethylphosphoric
triamide but only NMP ,the cyclic analog of DMA, was found to dissolve the
polysaccharide without maojor datlon In case of the preparation of
bromodeoxycellulose it was use\fﬁk instead of LiCl as salt. Beside the
synthesis of ester, sulfo deoxy s& the preparation of lactones and

carbamates succeeds in a‘mo empcratures and moderate reagent

concentrations in DM enous phase carbanilation with

phenylisocyanaten pro ' ionlized derivative which has been

)""Furthermore cellulose was

homogenously derivatize ides usi isocyanate derivatives of, e.g. 4-

commercially availdble DM ist i 1 “stability and low toxicity.

DMI/LiC1 is able to dissolve cellulose samples with ﬁi‘ values as high as 1200 and
concentratio g re_as used for DMA/LiCl,

i.e. an actlvat lﬂ Hoﬁn%ﬁyii ﬁﬂﬁj 1se solvent exchange is
absolutely necessary. BC-NMR spéctra of cellulese acquired bothyDMI and DMA in
combnktib vl UG et snd Shehighllehif) 18 @lfparable solven
structur% may be assumed with regard to functionalization. DMA/LICl is cable both
for esterification and etherification. 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. It is worth
mentioning that even the etherification proceeds with a remarkable efficiency as show

in preliminary studies. Thus, the methylation of cellulose in Tris-O-methyl cellulose

in one step procedure.

Other non-aqueous, non-derivatizing solvents cable for homogenous

modification are mixtures with general composition: polar organic liquid/SO,/primary,
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secondary or tertiary aliphatic or secondary alicyclic amine. From the wide variety of
possible mixtures dimethyl sulfoxide (DMSO)/ SO,/dithylamine is most versatile.
Whereas reaction succeed just to a limited extend, etherification with a great number
of different reagents was very efficient. It was show that the degradation occurring
during dissolution and modification reaction can be dramatically diminished by
utilization of protective gas atmosphere. Investigations concerning the solvent

structure, i.e. the specific interaction between the polysaccharide and the components

of the mixture showed that it is basi y or acceptor interaction. It was state that
. : o .
this solvent is an non-deriv

In case of single-eempo; W-alkylpyridinium halides and

t]
entioi ical structures are shown in
W

Figure 2.3. The most powerful'selye ‘ . -\ S 1€ N-ethyl-pyridinium chloride
and N-methylmorpholi (NMNO). T vantage of an easy work up
procedure after modificati _ harides in | solvents is ruled out by the
fact that most of these | lid at room) temperature and need to be

applied as melts and, o highly explosive. Thus, these
compounds are often dil ic liquids to give appropriate
reaction media. Among these hyl-pyridinium chloride (m.p. 118°C)
are DMF. DMSO, stilfolane py: 6lidone [34]. In this way it
was possible to d 7 to apply the solvent for

AU INENINYINS
IR IUNRINGIRY



18

CH,—CH, CHy HC,
o: >N< H{Cp—N — O
CH,—CH, o HC,
a b

piperidine-N-oxide,

pyridium chloride

3

dissolves cel: ‘monohydrate (about 13%
water) at about IOOB. It has vga
regeneration and a new fiber spinning process based on NMNO as solvent is already
industrially r@ly M%EJSmaﬁdWy&ﬂ @}r%- Recent results were
published deali%lg with the investigation of the intgaction of cellu&olse with the solvent
by méap Y CPATVIGH BT T FRBIR B Bmomhotine 2
oxide, that converts cellulose I into cellulose IIT but does not 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. Interestingly, by

€ an eno&ous attention for cellulose

carboxymethlation of cellulose in NMNO/DMSO mixtures, the solvent behaves as a
non-aqueous one although the reaction started with the NMNO monohydrate[ 15,35].

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
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dissolves without any pretreatment within 15 mm. 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 spectra of cellulose can be obtained showing all the
ring carbons of the AGU and giving no hints for a derivatization during the
dissolution process. It should be mentioned that the solutions contain a certain amount

of water because TBAF is used as commercially available tri-hydrate and the

W//

NN
2.2.3. Aprotic derwm sol\jnt ble intermediates

All the M _vlo sly WOW physical dissolution of

Wl group. An aceceptable
aqalled nvatlzatmg solvents or the

cellulose is air-dried only [36].

polysaccharide w1thout
alternative to this route i
utilization of hydro
representative summary

Figure 2.4.

The major dlsacfdé_n;ge of@nvaﬁzaﬂng solvents is the occurrence

of side reaction durmg dlSSOlﬂﬁQﬁ‘- and fémof, undefined structures. In turn, this
: zﬁ N,N-dimethytformamide

yielding  cellulos s “intermediate, has found

the synthésis of inorganic &llulose esters, e.g. cellulose

considerable interest :
sulfates desp@irﬁ@ﬁﬂ%jﬁ%ﬁiﬁ% know as solvent, the
dissolution ghl (0 . Golova st al. favored
compound of cellulose and N,Oy, sélvated by complex formatiomwith dipolar aprotic

i () Ll i L e ] o sy

anhydrous condition succeeds by formation of the cellulose trinitrite [38]. In this

process the first step is a heterolytic cleavage of the N2O4 molecule which initiates the
esterification to the nitrite. If small amounts of water are present in the solvent system,
the cellulose molecule is only partially derivatized in this step with a preferred
conversion of the primary hydroxyl groups. Variation of the solvent components is
possible. Instead of DMF, DMSO may be applied and N;O4 can be Substituted with
NO nitrosvl sulfuric acid, nitrosyl hexachioroantimonate or nitrosyl tetra fluoroborate

yielding solutions within the same time [42].
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o OH ~ (OR),
OH (OH)ay
N OJOMF R = ONO
Celitose nitrite

HCOOH/H,SO, o

acetato (CTFA)

alel

.n.l"r';': M, ’ !

A rather interesting derivatizing solvent utilized for esterification is the
iptgresting derivatiging

s SBIAHE I S ) i e 0

dissolves cellulose rapidly and almost without degradatlon even in case of high

T T T s
hemiacetal, 1.e. so-called me spectroscopy

revealed that the acetalization occurs preferentially at the 6 position of the AGU .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 a
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 oligooxy methyleneoxide chains may occur. The free terminal hydroxyl
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groups of these chains may also be derivatized in a subsequent step. Nevertheless, the
solvent was exploited for the preparation of a whole number of ethers yielding almost
completely functionalized non-ionic cellulose derivatives and for the synthesis of

ester via homogeneous conversion with anhydrides [43-45].

A much higher predictability compared with the application of the derivatizing
solvents can be realized if the intermediates formed during the dissolution of the
polysaccharide are isolated prior to the conversion into the final derivative (Figure
2.4 ).The increasing reprodumbxh'ty\; / e fact that structure analysis of the
intermediates is possible, dn.qge hand éother these intermediates can be
dissolved in a wide va@onﬁrga@ which decreases the tendency

towards side reactions ically (spccmliy\dg{adation). Therefore, reactive

intermediates can be mate fal fora. variety of highly engineered

derivatives. Besides th yls11}"1b derivative and subsequent
functionalization of xanthogenate, which was only of
limited interest in th diate compare with its wide its
utilization for cellulose
esters of cellulose are

functionalization.

the degree of dlSO chemical accessibility of

er of the cellulose s
hydroxyl groups. Me.vLover solutions of cellulose 1rLkormlc acid and CF were in
terms of thelﬁtentlal foreellulose fiber f aration by regeneration. These CFs are

obtained by u d%ll ’l m E\J’pm ‘EL’} ﬁdﬁm catalyst over periods

of 4-15 days or w1th sulfuric acid as catalyst ylgciis fairly degraU polymer with DS
vatuespflfhout 25 EF i) 6l Wbl pfs o fulbje, formic acd
phosphan'c acid ans 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 2
NMR spectroscopy. If sulfuric acid is applied as catalyst, the reaction is complete
within 15 min. The CF preparation has a DP of about 200 (DP of the starting cellulose
was 600). In case of the application of partially hydrolyzed POCl; as swelling and
dehydrating agent it is possible to increase the DS of up to 2.2 yielding formates
soluble in DMSO, DMF and pyridine with DP values of 280 (starting from spruce
sulfite pulp, DP = 680) within 4 h reaction time [46-49]. These products were
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thermally stable of up to 280°C under anhydrous conditions. Another interesting path
for the preparation of CF samples was published by Vigo et al. [50]. It was shown that
cellulose can be converted with a reagent obtained from thionyl chloride and DMF.
Thereby. the formiminium compound is formed as reactive intermediate during this

reaction. An appropriate work up procedure gives CF.

Solutions of cellulose as well as of chitosan in trifluoroacetic acid
(TFA) were extensively studied by means of NMR spectroscopy showing that the
primary OH groups are almost cox!hgle!y ctionalized [51]. The interaction of
cellulose and TFA was 1nvast;gated n 1ts kinetics . The dissolution of

cellulose in mixtures o@:ﬁh différent: 'Gr@ulds strongly depends on the

electron acceptor behavio iquid. Furthermore, during dissolution of cellulose

in mixtures containing T 1flu rd"acetylation occurs only to a limited extend

and the polysaccharide is y1y degraded. Interestingly, the solutions show the

formation of mesop

which can be used to
dissolved in TFA directly of ﬂ),e. p'; ‘&‘a‘ho . of cellulose esters (C2-Cio) by

ydrides. It was stated that esters

d-r'-.,-__

of mixed esters wasiachleved by a y’latlon of cell s;“m TFA with mixtures of

e
Pure ce.liulose trifluoroacetates (CTFALEoluble in DMSO, pyridine.
and DMF can eamﬁyi ared by treatifig cellulose with mixtures of TEA and is

anhydride [5 ﬂeJe %}aﬂ %@Maﬂ fLﬂ %and were completely

substituted at the C-6 position as can be concluded both from ! W spectroscopy
and i YRLS el Seppiicdioh Y epinpify fepotymerizaton
vThereby, the inverse pattern of functionalization of the methylether functions is
determined. If the trifluoroacetylation is carried out in the presence of chlorinated
hydrocarbons as co-solvents (e.g. chloroform), the DS can be increased up to 2.2
yielding products that are soluble in THF. The CTFAs are thermostable of up to

250°C and can be saponified completely within 6 min.

Dichloroacetic acid represents a rather new solvent for cellulose.
Cellulose dichioroacetates can be isolated from a mixture of the acid and its anhydride

after reaction times of up to 12 days or by conversion of cellulose with partially
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hydrolyzed POCl; [54]. Product obtained possess DS values in the range from 1.6 to
1.9 which are soluble in DMSO, DMF, pyridine, and THF as wet crude product) with
DP values of up to 270. All the dichioroacetates obtained are thermostable of up to
280°C but become insoluble after treatment of temperatures higher than 150°C. They
exhibit an almost complete functionalization at the 6 position as concluded from "*C-

NMR experiments and from the HPLC method developed for the analysis of CTFA.

All intermediates described can he applied in subsequent
functionalization reactions in h@&&\l’fyse. Thus, a wide variety of organic
esters, inorganic esters. ca%gg\ arn i i istributi
functional groups weriwf _mphcatlon of modem organic

reagents e.g. N,N-carbonyldiimidazole and 1 rotic conditions, these reactions

reactions, i.e. the prima e group and usually simple
cleaved off during ially the CTFA is a promising

intermediate because of itsfea eparati ined with the highest degree of

solubility in a wide varie i ¢ solvents, its fast cleavage under

aqueous conditions, and its stab;ﬂizle_wnd - ic conditions. Thus, a mixed 6-rnono-
..-.--';.-"“l g. - o

O-trifluoroacetvl-2 3‘3§1-O-methyl “cellulose m ﬁer transesterfication nor

migration under typ ﬂ acetylat: fitions, conditions, i.e. by a treatment with
acetic acid anhydridcg the ne at SQC for several hours. 'H-'H-
COSY-NMR experiments grformed befor%jnd after that treatment gave no hints for

wysWW‘%BSQWEJW‘ﬁWEJ’]ﬂ‘ﬁ
’QW’]MH?N URIINYNAY
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2.3 Unconventional synthesis paths for and types of carbonic acid

esters of Cellulose

Esters of cellulose especially the acetate are 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 [83].
Conventionally CAs are prepare onyersion of cellulose with an excess of acetic
anhydride in the presence of QuXN] perchloride acid as catalyst. Two
different methods are app],;g to ob ellulose ester. The majority of the

ch in lud@mlon of products formed. On
o t the lation on the intact fiber. The

'1¥ est ed Usually they are partially

CAs is produced using a ro

the other hand, it is p

products obtained in

e w1dely applied acetone soluble 2.5
’l'h{siynthetlc detour is necessary

1zed dir tl;\\ﬁ'om cellulose are not soluble

deacetylated in an one-pg
acetate (acetyl conte
because CA samples

in acetone [84-86]. Strug
VAl
the search for new synthesi ton]ﬁ a ch ive acetaylation are still among the

24 lu..-;il‘

reasons for this behavior and

e

major stimulants for the work mxﬁﬁe‘l ‘—‘%

..-r"_,

2.3.1 Homog ifi | :
2.3.1.1 _‘_Acylatlon T erivatizing l}olvents and new
activation procedures

ﬂ u EJ @ tﬂq H‘% % W"H'ﬂnﬂ j/ents discussed above

N,N- dlmethyla&!tamxde (DMACc) op N—methylpyrrohdone in combmatlon with LiCl

s AN ﬁ‘\?’ﬂ‘ﬁ’Wﬁﬁﬂ“ﬂW g o

interest from our point of view.

The esterification of cellulose in DMAc/LiCI using carbonic
acid anhydrides and the -chlorides was among the first attempts of chemical
modification of the polysaccharide under totally homogeneous conditions [57]. It was
observed that cellulose solutions in DMAc/LiCl with polymer concentrations higher
than 10% (w/w) form mesophases. In this case, the conversion of the polysaccharide
may be combined with a number of unreproducable effects because in the region of

useable solutions of up to 15% (w/w) these anisotropic systems are not fully stable
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[58]. Nevertheless, the advantages of acylation in homogeneous phase in DMA/LiCI
are an excellent control of the DS values and an uniform distribution of the functional
groups along the polymer chains. Moreover, a selectivity of the functionalization
reaction within the AGUs may appear. Thus, the reaction of cellulose with acetyl
chloride in the presence of pyridine as base gives a CA with complete
functionalization of the primary hydroxyl groups at DS values starting from 1.6 [60].
Especially in case of esters with aromatic functions, the use of

the acyl chlorides is still a conveniqp L’Zj ;fective path. 4-Phenylbenzoyl cellulose

was obtained from the homogeneous est yielding polymers with DS values

as high as 2.4. Phenylacgm::ﬂuloqp 4mhenylacetoxy cellulose, and p-

be prepared according to this

toloylacetoxy cellulose

procedure [61].

polysaccharides, the yLf icty. ] L vestlgasgd recently. The remarkable

-

with the free acid , which are stil].u.nder u@ation yield comparable results [62].
JThe pfépﬁatxen;o% w1th long chains using the acyl

for the synthes1s of he " simple fatty tri t eé- triesters were obtained by

conversion of cellulose 1n DMA/LiCl w1th the fatty acid and acetic acid anhydride in
the presence ﬁo for the reaction of
cellulose with ﬁﬁnd ?3ﬁ1f§lﬂvﬂ ﬂllmsﬁdon with triethylamine
(TEA ith idine“a$ base is the lower
a01d1tyé ﬁﬁﬂﬁﬁ%ﬁﬂ ‘il"ﬁﬁiﬁ qeaelg towards chain
degradatxon and split-off of the ester functions introduced. Comparable homogeneous
esterification reactions with long chain acid chlorides were performed using
hemicelluloses from poplar 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 hemicelluloses via this route. Anhydrides of dicarbonic acid were applied for

the synthesis of water-soluble carbonic acid half esters of cellulose. A reactivity in the

order phthalic anhydride > maleic anhydride > succinic anhydride was observed [64].
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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 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 [65].

A highly efficient and sophistigated method is the conversion

of cellulose dissolve in DMAc/Li v tene (FIGURE 2.5) or with a mixture of
diketene/carbonic acid anhy\m & ute it is possible to prepare both
pure acetoacetates or mixed acetoa ceta)e/c&jd esters of cellulose (especially
1( S). The teactionwith diketene is a very useful
%acetoacetate [67-68]. Which

th high, ) vales 1

with acetyl and prop

alternative to the co
is not able to yiel predictable processes. The
reactive intermediate i he 1"iaction can as well be carried

out in NMP/LiCl. Acetgac 3 w ithdi] s very rapidly at temperatures

ﬂumwﬂmwmm AL

CH, CH,

AR AINIUNMINYINY

Flgure 2.5 Reaction scheme illustrating the acylation of cellulose with
dikentene yielding cellulose acetoaccetate in one-step under homogenous

conditions[63]

Besides the application of carbonic acid chlorides and
anhydrides 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
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polysaccharide backbone during the reaction. Starting from the free acid overcomes a
number of disadvantages connected to the acylation with the derivatives discussed
above. Whereas acid chlorides are most reactive, they are collectively insoluble
(except acetyl chloride) in the solvent system when TEA is present as base. In case of
carbonic acid anhydrides which permit a homogeneous conversion, problems arise
from their limited commercial availability and the inherent inefficiency because only

half of the reagent becomes incorporated into the product. This makes the use of the

free acid combined with suitable a&(\\ t’Wesuable tool.

0

\%-s 8 ol
CH, + R-C-0-C-R
i
' O

Figure 2.6 Acylatlﬁl of cel'l'iﬂoSe’ dlss %c/L' 1 using in situ activative

carbonic/p-toluenesulfonic acid

-

of the carbonic —___

anhydride .LJ < _ap u
ﬂ u B s@ %ﬁ%@‘w dﬂiﬁs possible with Tos-CL.

It was first applied for the preparatlon of cellulose acetates [69] .During the reaction

e £ MLV EY 8 P L)
reactiver species (Figure tensio at homogeneous

derivatization of cellulose with waxy carbonic acids was studied. It was shown that

cellulose esters, having alkyl substituents in the range from Ci2 (laurylic acid) to Cao
(eicosanoic acid), can be obtained with almost complete functionalization of the
accessible OH groups (DS values 2.8-2.9) [70]. The esters were examined in terms of
their thermal characteristics by means of differential scanning calorimetry (DSC) 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.
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Another interesting cellulose derivative accessible via this path
is the cellulose anthracene-9-carboxy-late [71]. This bulky ester can be prepared with
DS values as high as 1.0. The ester moiety is fluorescence active. The amazing result
was that the fluorescence spectra of the ester and the free acid are identical. Recently,
we have investigated the derivatization of cellulose with oxacarbonic acids in
DMA/LICI [72]. It was shown that the conversion with 3,6,9-trioxyadecanoic acid

(TODA) or 3,6-dioxahexanoic acid yields non-ionic cellulose esters with DS values in

the range from 0.4 to 3.0. These cel%% f start to dissolve in water at a DS as low as

0.4. In addition they are soluble in co nic solvents like acetone or ethanol
\

and resist a thermal treatmm:np to 325°

erfulmsatlon agent is  N,N-

: knowrun peptlde and protein chemistry

and carbo?yhc groups. In combination
ited by Samaranayake and Glasser

the reaction is cameﬂ out w;tﬁ" the a.nﬁydn es

,,,, —

oi% ;bomc acids, the by-product

ixed anhydride with PP which is applied only in

catalytic amounts. Thfjhigle 0X1 ecyirjd from the reaction mixture
(Figure 2.7). Only a mgdgt excess of the reagent is necessary because of the high

e of B 4 DAY 44 SR R B o rin o

number of bulky esters (larger than butyrate) Thus long chain fatty acid esters of up

. VA N1 8 (W (2 13 i

thermoplastic bone-component compounds. Their thermal and rheological behavior

was studied [76-77].
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, Cel-OH Q.
&
. RCOO’

itic carbonic acids including p-N,N-
\,N-dimethylaminopyridine (DMAP)

esized because it provides a

ative which imparts water

solubility.

acylation of c@uu th carbonic -si arbonyldiimidazole as
activating reagent. The derivative Has DS value ef up to 1.4 . Theregent is also very

et YlBh oo il ichdtioh B e ot

pyridine or DMF [78].

Very recently the conversion of cellulose in DMILiCl was
studied and the results were compared with those of the homogeneous acetylation of
the polymer in DMA/LICI. The reaction was carried out with acetic anhydride and
pyridine as a base. CA with a DS value of 1.4 was accessible showing a same
distribution of substituents as products obtained in DMA/LICl (reactivity: C-6> C-2>

C-3). The solvent is especially for etherification reaction [32] .
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Another solvent for cellulose recently found is the mixture
DMSO/TBAF. The system studied in terms of its usefulness for homogeneous
acylation reactions contained 2.9% cellulose and 16.6% TBAF. An alternative to the
esterification with an acid anhydride is the transesterification with carbonic acid esters
which is an uncommon method in cellulose chemistry in contrast to starch
modification. Especially the use of vinyl acetates and its higher homologues is a very
interesting path because the formation of the acetic aldehyde during the reaction shifts

the equilibrium towards the produ * 4 Thus, it is possible to obtain cellulose
1 reagent per mol AGU over 70 h at

acetates with DS values of 2. wapp
40°C. Moreover, the DSAM i be $recﬂéﬁlled by the amount of reagent.

Even long chain alkyl : i‘zw:mte. The one-step synthesis
of cellulose butyrate /in\ addition- th paration of benzoates was

NDS values as high as 2.6 (in

aldehyde (PF), chloral/DMF/
idine, TFA, and DMF/N;O4 were ted ti di for th
pyridine an N ;9%; 'tvpr?{ "“‘W ed as reaction medium for the

B ¢

j vanety of mett idied for the homogeneous
estenﬁcatxon of pol acchande dissolved in DMS&‘PF The polymer can be

converted wit ﬂ‘ﬁ[ﬁﬁi %fw Iﬁne resence of pyridine at
low tempera [ ﬁ latin ts ihatic compounds, €.g.
acetic and but ;fi bidndc aromiatic acid derivatives like phthalic anhydride and

even it G il bl v DS values

reached are usually in the range from 0.2 to 2.0, except acetylation where DS values

.
homogeneous conve;%lon of cellulose.

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 a limited extent. Furthermore, introduction of acetyl groups by
transesterification 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 DMSO/PF is treated with the reagents in the presence of
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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 [81].
Quite recently this solvent has found some interest again. Homogeneous esterification
with trimethylacetic anhydride (TMAA), trimellitic anhydride (TMA) and phthalic
anhydride (PA) in DMSO/PF using high a-cellulose pulps of fast growing plant
species was described. The corresponding esters are prepared by treating the solutions
of cellulose with TMA and PA in the px;kzence of pyridine for 8 h at 80-100°C. DS
values between 2.4 and 2.6 are accessibl fsters were studied in terms of their

thermal behavior. They afé versatile gpmpounds'b'ecause of their elastomeric and
thermoplastic propertlis?’n
enteric film coatings o

ighly {px;c, the cellulose solvent DMF/ N2O4 was

widely used for the gpreparatio of‘cgzlose esters. Noteworthy is its extensive

used for the preparation of films, membranes and

"le,ts. -

3

exploitation for the s f mg’fg esters, e.g. phosphates and sulfates[82].
Esters of carbonic acids an be oBtaméﬂ}"b'éth w1th anhydrides and chlorides of
carbonic acids in the prese e of—‘&d appm@e base, e.g. pyridine. A variety of acid
chlorides was applied for the estcnﬁcatm?ﬁ?cludmg caprionyl-, caproyl-, lauryl-.

palmitoyl-, and steargil chlonde The reaéfibn succeeds Iaa transesterification of the

-

cellulose nitrite formed du
anhydride yields cellgose acetates with DS values 'Uf up to 2. In case of the
preparation of denvatlves with DS values of about 0.3, the transesterification is rather
selective at posxtron of tP@' AGU (as can be! concluded from "C-NMR spectra.
Comparable results were obtained for acetylatlon of cellulose in the derivatizing
solvens ch,}praVDMF/p_yndme (81].  Treatment. of-the dissolyed ¢ ccllulose with acetyl
chlonde or' acetlc anhydride yields polymers with DS vglﬁes of up to 245.

T j’he conversion with acetic

A suitable alternative to esterification reaction in the
multicomponent systems discussed is the subsequent acylation of cellulose dissolved
in TFA. Cellulose is partially trifluoroacetylated in the dissolved state (DS ctra about
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 Anhydrides of acetic-, propionic-, 3-

nitrophthalic acid and a variety of aliphatic, aromatic and unsaturated acid chlorides,
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e.g. acetyl-, acryl-, cinnamoyl-, benzoyl-, and 4-nitrobenzyl 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 transesterification 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 the amount of
the second acyl component ranges from DS 0.5 to 1.6. Comparable results were
obtained by Salin et al. [52]. In this ﬁt‘dy 1lulose esters with DS values in the range
from 2.9 to 3.0 were prepared by reao&lulose in TFA with carbonic acid
anhydrides (C;-Cyp) at 60°C:1;h-‘ese esgrs wef@ﬂ!ﬁed in terms of their viscosity in

solution and Tg depen ?; .. oiety: ?'TEHmore the preparation of mixed
esters of cellulose in #5 Anve

tigated using iixtures of acetic anhydride and
_ m'c o.d ylelds polymers with DS higher than 2.8

=

aliphatic acids. It w.

Wlth D S acetay] b CtWCCIl

polysaccharides is the apphcatlon F‘rfsolu,l, ¢
advantage compared“_lp the m;caaﬂﬂlzatlon reactlo g_énvatlzmg solvents is that
acylation with hlgh an be perfo i inert common organic
solvents avoiding side}actions. Important intermediates are the trifluoroacetates,
formates, and dichloroacetates as well as tzg_l}kylsilyl derivatives of cellulose of

various DS vaﬂ w% ’}ﬂé}:&} &1 €§ Wﬁkrﬁ]}ﬁt‘eﬁﬁed in homogeneous

phase with carbonic acid chlorides ahnd anhydrldes or with the free acid after in situ
actlva@.WQIﬁae\ﬁlﬁrﬁe W m]tna (}F] ﬁ)qﬂﬁ Ejt the polymer
backbong during the subsequent functionalization is cleaved uring 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 sﬁitable method as wéll [83]. Typical examples of
homogeneous esterification reactions carried out via intermediates are given in Table
2.6. As already discussed in detail above, the intermediates show a fairly defined
distribution of substituents within the AGU. Thus, the CTFA is completely.
functionalized at the C-6position at a total DSctra of 1.5. Consequently, the partial
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derivatization does not only impart solubility but in addition causes a selectivity in the

subsequent modification.

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

AUEINENTNYINS
RINNIUNMING1AY
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The rather uncommon activation with CDIC was exploited for
the synthesis of cellulose-4-nitrobenzoates starting from CTFA (DScrra of 1.5)
dissolved in DMF and yields polymers with DSnitrobenzoate Of 0.5 soluble in DMSO.
The reaction with N,N-carbonyldiimidazole is an efficient and mild process [85].

Thus, the activation of the carbonic acid is carried out at room temperature in DMF.

The esterification succeeds at 60°C. Products with DS values of up to 0.9 can be

obtained from cellulose trifluoroacetate (DSctra of 1.5). The trifluoroacetyl function

is usually removed during the worKWf}ue in aqueous media.

‘arimethy_ll_s_ilyl cellulose (TM@&) was applied for the
esterification m chlorides. It was stated that in
dependence oﬁi‘l ﬁ ?ﬁlﬁto nﬁsubsequent derivatives
with inverse d1str1but10n of the substituents or to, replace the silyl functions. Thus,

weatmén af P C il adid rtads apecify)s 4 eicobephoft khloride and 4-
bromobeilzoyl chloride in the presence of tertiary amines leads to an acylation of the
remaining OH functions [86]. On the other hand, during the reaction with acid
chlorides at elevated temperature, e.g. in nitrobenzene at 160°C, without catalyst,
trimethylsiloxy groups are found to react selectivély while the OH groups aré
uneffected. Recently, the acylation of partially silylated TMS-polyvinylalcohol was
studied. An acylation in nitrobenzene at 160°C in the absence of catalysts and proton

acceptors resulted however in an unselective conversion of both hydroxy- and

trimethylsiloxy groups [87]. For the reaction of TMSC with sulfating reagents a
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replacement reagents was concluded where the SO; attacks the Si-bond yielding

polymers with the same substitution pattern as the starting intermediate

2.3.2 Methods for heterogeneous esterification

Besides the homogeneous esterification, new paths were developed for

heterogeneous processes. For this topic is just very briefly discussed because it

pointed out the scope of this thesis, \ ‘ | ,
A very ef&g}gnt met% cellulose esterification under

heterogeneous reaction eond;tﬂens is the séﬁaﬂpeller method. The carbonic

me@des during these reactions.
0s "nii)oﬂant trifluoroacetyl moieties are used as

acids used are converte

Chloroacetyl-, methoxya

this way . On the

alkoxid compounds lik
@‘f partially esterified cellulose

hermore, the esterification of

derivatives if an appropridfe sﬂ#@m‘% :

J'.l wnad R
cellulose with acetyl chlonde a(:c}evat@ﬁperatures and in vacuum using 1,4-
:.‘l‘ll' A

d1oxan/pyr1d1ne as njactlon medr um is

& acyu? is applied to remove the
—> ]

Acylat)ijn of the polymer is 2lso possible by conversion of cellulose

suspended in pyridine or DMF using sulfonic acid chlorides as activating agent. Thus,

it was demox@r H &L@:maﬂ%@ 4 fu) 2 "};ﬂa‘ﬁnge of DS values by

treatment of the polysaccharide Bmth acetic ac1d in the presencc of Tos-Cl or
metha%%rq ﬁﬁﬂ[%m wqﬂg the alkali or
alkaline‘earth salt of acetic acids in combination w1t 0s-CI [ﬁ gthhese methods
were extended for the preparation of aromatic cellulose esters, e.g. nitro-, chloro-,
methyl-, methoxy-benzoyl esters and 4-azido-benzoyl esters . On the other hand, it is
possible to carry out transesterification 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.

The classical method to prepare cellulose esters, i.e. converting the

polymer suspended in pyridine with carbonic acid chlorides, is still an important
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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.

AUEINENINYINS
RANTUUMINGIAY



38

2.4. Energy for chemistry

Pressure and temperature are important parameters in reaction processes in
chemical systems. In order to minimize energy and control reactions with a view to
green chemistry, attempts are being made to make the energy input in chemical
systems as efficient as possible. Approaches are being taken and possibilities
investigated to use until now scarcely used forms of energy, so-called non-classical

energy forms, in order to optimize the duration. In classical processes energy is added

to the system by heat transfer,ta\ L\WC radiation in the ultraviolet (UV),
iy

visible or infrared (IR) rang{' ' ﬁctrical energy. On the other hand,

microwave radiation, ultm;;ﬁ‘d theé dir@tion of mechanical energy are

of esterification, the energy that

among the non-classica _In this

useful are conventional a

of the mixture.

In conventional heating; nergy is transterred from a sul j, to the bulk mixture, and
eventually to the rq?tin'g- species. cafi either make the reaction

thermodynamically allov*ed or it can increase the reaction kinetics.

A i i o

W%j W the reaction mixture
may occur throigh convection, or mechanical means (s irring) can be employed to

— W’lﬁiﬁ;ﬂﬁﬁmﬁﬁmﬁmt o
vessefﬁq ilibrium temper: an be‘established ar intained.

Although it is an obvious point, it should be noted here that in all conventional
heating of open reaction vessels, the highest temperature that can be achieved is
limited by the boiling point of the particular mixture. In order to reach a higher -

temperature in the open vessel, a higher-boiling solvent must be used.
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2.4.2 Microwave Heating

Microwave heating occurs somewhat differently from conventional
heating. First, the reaction vessel must be substantially transparent to the passage of
microwaves. The selection of vessel materials is limited to fluoropolymers and only a
few other engineering plastics such as polypropylene, or glass fiber filled PEEK (poly
ether-ether-ketone). Heating of the reaction mixture does not proceed from the surface
of the vessel; the vessel wall is almost always at a lower temperature than the reaction
mixture. In fact, the vessel wall c“V ﬁ effective route for heat loss from the

reaction mixture.

Second, for mr‘m he@ng 4" there must be some component

bs the pgm\ﬂ:::owaves Microwaves will
r.are am e energy will be converted

of the reaction mixtur

penetrate the reaction

into heat. Just as wit nixing o reaction mixture may occur

through convection, (st1m¥) can be employed to

}q\ture throughout the reaction

b

homogeneously distrib

vessel [93].
2.4.2.1 Source o"f 10 ”ﬂr
AElectromaIgnetxc m&:ﬁ"ﬁh ﬁerg which is discharged from
mobile, electric chafges-and-spreads-out-as- a wave. | the-wavelength of this radiation

i

decreases with increa;

“microwave is in the range 1
[Hz to 300 GHz. Household

g energy. If the

mm to 1 m which correspond to frequency of 300

microwave o ? ?{d@aﬂﬂﬁhrmmi of 2.45 GHz. In the
electromagnethJspectrum 1crowave lie s (1 m to 104 m) and
infrared.w; j& ﬁ - o

z%iﬁw nﬁ 0 mu we,ll;lawlik .ageauﬂns and animals

also emit measurable quantities of microwaves in addition to thermal radiation [94].

Technically microwaves can be produced using a magnetron. This is a transmitter
known as a real-time tube, in which electrons are emitted from a cylindrical hot
cathode and accelerated towards the sheath-like anode which surrounds it. During
their trajectory the electrons are diverted by a vertical magnetic field as a result of the
Lorentz force which occurs. This causes the electrons to be deflected tangentially onto

the specially constructed anode surface, so that they cause resonance vibrations there.
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The microwave radiation is finally emitted from an antenna of the magnetron in a
complicated oscillator, travells through a waveguid into microwave chamber where
heating occurs. Microwaves are propagated in a vacuum at the speed of light, like any
other form of electromagnetic radiation. If the penetration depth of materials is less
than samples size, it is considered as a “surface heating”. On the other hand, a

volumetric heating will occur in a bulk material when the penetrate depth is larger

than a sample size. however they are reflected by metal surfaces. As a result of this

property, microwaves can be scre 1Wely using metal sheets and even close-
; ed sheet at the front of household

meshed wire nets. The meta]\
microwave ovens screen &hm/ aves.

—_—
2.4.2.2 M/ 74

One

microwave field [95].
reflect the energy(e.g.
alumina). It should be
reflectors, or completely tr: par_enﬁé'

material, as well as the physrbaf_ﬁze a@pe; will affect how it behaves in a
microwave field. =, ,"@F—

~

depth. That is, mic’roﬁ ~ etrat ain distance into a bulk material.

Not only is the pene ratlon depth a ﬁmctlon of the ‘Taterial composition, it is a

e 0110 1121 ()18 [
A AdESEENInenay

Both mechamsms 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 and friction between the moving molecules result
in heating. Broadly, the more polar a molecule, the more effectively it will couple

with (and be influenced by) the microwave field.
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Tonic conduction is only minimally different from dipole interactions.
Obviously, ions in solution do not have a dipole moment. They are charged species
that are distributed and can couple with the oscillating electrical field of the
microwaves. The effectiveness or rate of microwave heating of an ionic solution is a
function of the concentration of ions in solution.

Materials have physical properties that can be measured and used to
predict their behavior in a microwave field. One calculated parameter is the
dissipation factor, often called the lﬂﬁ*f The dissipation factor is a ratio of the
dielectric loss (loss factor) td*{ﬁq %}\ ant. Taken one more step, the
dielectric loss is a measurg*&vellgmatenﬂﬂorbs the electromagnetic energy
: nstant is-ameasure of the polarizability
'%ovement of either polar

sth the di

to which it is exposed,
of a material, essenti
molecules or ionic sp tric loss and the dielectric

constant are measurabl

different from conventiona h*d'd,‘ﬁ‘fg tec@, one must focus on what in the
reaction mixture is aqglally absorbing tiic %e

energy. One must recognize the

ability to absorb micrewaves. Differentia n of microwaves will lead to
n

differential heating an: ocahzed thermal mhomogenel s that cannot be duplicated

N conventlonﬂ\ﬁﬂﬁﬂﬂm jvy Tlfsla.r?presented wherein we
consi io a'bulk solven or e miriof concentration o
LRI RN TR T

Example 1: Solvent and reactants absorb microwaves equally

—

If the bulk solvent and reactants absorb microwaves equally, then energy
transfer and heating will occur to the allowed depth of penetration into the bulk
mixture. Homogeneous reaction conditions can be established with thorough mixing,
and at equilibrium (chemical and thermal), the temperature of the reactants will be the
same as that of the bulk solvent.

In this case, reaction rates can be increased by increasing the temperature

of the reaction mixture. This can easily be achieved using closed-vessel microwave
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techniques, using the same reaction chemistry and solvent. Alternatively, using

conventional heating techniques, higher reaction temperatures can be achieved in a

closed reactor system, or by using a higher-boiling solvent in an open vessel.

Example 2: Solvent absorbs microwaves, reactants much less so

If the bulk solvent absorbs *fcfyves but the reactants do not absorb (or

absorb to a lesser extent thag“tfle solven ergy transfer and heating of the

solvent will occur to the a.LIEEUZﬁBpth.ﬂf penm The bulk solvent will, in turn,

heat the reactants by coﬂﬂﬁ'&'—'.' G

mo eneous reac conditions can be established

This case 1 iffe _nt-ﬁom comventlonal heating techniques. Reaction
.
rates can be increased by 1ne: mg-th mpe ture of the reaction mixture. Using
¢ \
closed-vessel microwave sh' entioned. In conventional heating

b &

system, or by using a hlgher-boﬂmg_solv @nﬁ open vessel.
Example 3: Reactagﬁs absorb mrci’owgves{"ﬂwm much less so
D Hrelo - J

direct energy transferﬁd heating of the react:
g bulk solvent will, in turn, be Héated by conduction from the

depth of penetration
reactants. Al be established with
thorough mixing; t ﬂ mjg E‘J Trj:tlﬁ’ﬁj wtxnﬁbe higher than that of
the so as fﬁ' ti at to the énvironment through
oy NI R gieh D]

This case is significantly different from conventional heatmg techniques.
Reaction rates can be increased by increasing the temperature of the reactants, Heat
transfer from reactant to bulk solvent must be fast enough to overcome the heat loss
from the reaction mixture to the enviroment. For this effect to be sustainable, careful
attention must be paid to vessel design and vessel cooling. This effect can be achieved
using microwave reflux techniques. It must be recognized that only the bulk
temperature can be measured by direct insertion of a monitoring probe, so there really

isn't any practical way of measuring a temperature differential between the reactants
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and the solvent. Multimode cavities, with their higher output power (1,000 watts or

more), are best suited to creating the necessary conditions for obtaining this unique

microwave effect.

Example 4: Catalysts on microwave absorbing supports

Some unusual reaction conditions can be created in a microwave field
when catalysts are present in the mug Zlcu larly when the catalyst is deposited

on a microwave-absorbing materlal Pal carbon is a common catalyst in

some reaction mechanlsmsmﬁn or gpaphlmcellent absorber of microwave
wiificantly hlZgEéﬁYm most solvents.

fthe mlcrowav;\?éld is that it can directly heat
. cond 1t}‘ where the catalyst is at a substantially

energy, with a dissipati

An unexp

higher temperature tha st'o the.b mi ture The qatalyst support will transfer

-

superheating of the catalyst carmoi_‘be du by conventional means. Multimode
cavities, with their h;gher outimf'powqr (ﬁ"watts or more), are better suited to
creating the necessary eonditions-for-oblaining th uemicrowave effect.

The use of

of distinct benefits over conventlonal processmg alte:rn1 ives. In the microwave field
the heating pr us more rapidly than
with the convgyﬁ;ﬂj’lﬂmﬁmzlnﬁ nts some advantages,
such reac and dir some cases, cleaner reactions and
A T o

estenﬁcatlon of cellulose with long chain acyl chloride in homogenous media induced

icrowave radiation in { polymers offers a number

by microwave irradaition. The system used was cellulose/lauroyl chloride/N,N-
dimethyl acetamide/LiCl and N,N-dimethylaminopyridine as catlyst. The use of
microwave result in dramtic drop in reaction time 1 min irradiation was sufficent,

compared wit 30 min to 2 days, when conventional used.

In addition, G. Antova and P. Vasvaova [95] found that the possibility for

obtain cellulose stearate by direct esterification and tranesterification under



44

microwave heating. The system used was tolulene sulphonic acid as catlyst and
stearic acid/methyl sterate as modify agent. Research is made upon the influence of
different paramters such as moll proportion of the intial substances, quantity of catlyst

and duration of reaction upon the degree of esterification.

P. Krausz and et. al.[97] found that the method for esterification of
microcrystallin cellulose with dodecanoyl chloride as modify agent. This

methodology used microwave irradiation under solvent-free condition in presence of

basic catlyst. '
3y

‘.

2.5. BIODEGRAD
There has be

armful effects of polymer

materials on the envi able polymer systems (e.g.

I é\%
on-de

polyethylene, polypro ‘ ) s i i -‘vqgme, short-term applications
suchas packaging, medi bile and a areas. This leads to the quest
for new as well as modified d: ablelp: s, which can replace existing
synthetic polymers. Repl em__gﬁi?é'f. er systems requires that the
degradable polymers have proﬁ;bg‘é that a e siifficiently comparable to those of the
conventional polymers. These‘&éﬁﬁb‘lé- coperties can be achieved by creating new
environmentally feiendly polymersor m o existing degradable polymers.

The biodegrad: i 1€TS ' . - drolysis and oxidation. The

| | —
presence of hydrolysable and/or oxidizable linkages i

presence of 'ﬁ ‘ itu rﬁm zlfjoﬁfﬁmation, balance of
hydrophobici 0 'Mc f ion xibility contribute to the
biodegradabilig} of the polymer. Bﬁcﬁxﬁlﬂ]‘e ﬁlymers may besdivided into three

asssest] 11| BVNTI T Nneae

(?1) natural polymers originating from plant or animal resources

the polymer main chain, the

(e.g. cellulose,starch, protein, collagen, etc.)

(b) biosynthetic polymers produced by fermentation processes by
micro- organisms (e.g. poly-hydroxy alkanoates)

(c) certain syntheticpolymers possessing the biodegradable properties

explained earlier (e.g. polycaprolactone and poly-lactic acid)
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Natural polymers like cellulose and starch are not thermally processable
unlessmodified. Cellulose has a degradation temperature below its melting
temperature and hence cannot be processed in the melt. Moreover, because of its
complex morphology of crystalline regions and hydrogen bonding, cellulose is
difficult to dissolve in common solvents. Processing with the help of a suitable
solvent has been possible with N-methylmorpholine-N-oxide (N-MMNO) and water
or dimethylacetamide (DMAc)/lithium chloride (LiCl). Hence cellulose can be spun

due to rigorous solvent hand However, modified cellulose, such as
cellulose esters, can be m&ed asa t@ic polymer, since their melting
g{ jed | Megradation point. Similarly,

blend systems to provide

temperature can be si

modified starch has

biodegradability.
Conversion of bre.a ‘ egeneration processes does
not significant affect th owever, refining of cellulose

polymer material and has dev’él'é J s

utilized since 1920 to produce this dlmenswnally stable, water vapourpermeable,

. LR
R AINIUNMINGIAY
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5. Syringe, Needle and Septum

6. Cooling system

7. 50 ml-Volumetric flask

8. 250 ml-Three-neck round bottom flask
9. Buchner funnel and Suction flask

10. Microwave Oven

The esterification of cellulose was performed under

microwave energy using a 2.4 G ‘4#0 -microwave oven (LG intellowave, LG
Ltd.).

J F;g-mure 3.1 LG-Microwave &hen
AUEININTNYINT
RINNIUARINGIAY
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3.2.2Sample i’reparation
Glass Mold

Cellulosic film was prepared by pouring the cellulose ester
solution directly onto a glass mold. The mold was made from 0.3 thick glass sheet.
The square removable eadge with its outer and inner size of 25 cm x 25 cm and 19 cm
x 19 cm ,respectively, was glued on the top of the glass sheet (25 cm?) so that the total
area of the glass mold was 0.3 cm (thick) x 19 cm (width) x 19 cm (length).

AU ITEVEREANS
ARIARATANRAI NN Y

1. Micrometer

A micrometer (Peacock, Model G, Japan) was used to
measure thickness of the film samples. Figure 3.3 displays the micrometer used in this

research.
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Figure 3.4 BYK-Gardner Micro-gloss 60°
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3. Contact Angle Meter
A contact angle meter (CAM-PLUS MICRO Tantec

Inc., USA, as shown in figure 3.5) was used to determine the wettability of the film

samples.

-

=

The su.rﬁ‘{iejnorp@ of unmodified, esterified cellulose

powder, and cellulg\_)iic ﬁhn“';s%’ﬂgles}’%yzed using a scanning electron
4

microscope. T —_——

y - )

Figure 3.6 SEM:JEOL:JSM-6400
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5. Fourier Transform Infrared Spectrometer
Fourier Transform Infrared spectrometer (Nicolet Impact 400D)

presented in figure 3.7 was used to determine the functional groups of cellulose ester

powder.

Figure 3.7 Niclotet 400d - FTIR
A

T
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3.3 Mechanical Property Testing
Tensile Testing Machine

Tensile properties of the film samples were tested by universal testing

machine LLOYD LR 100K (figure 3.8) according to the ASTM D 882.

Q.

Figure 3 hine E.,OYD LR 100K

TNYNT

¥ 4Thermal|_l’roper Jq arac erization

PESIINIAIPNUIAY s

Mettler Toldo TGA/SDTA851¢/LS/1600 (figure 3.9). The heating rate was set at 10°

C/min. Samples were carried out under nitrogen atmosphere.



53

1'.#-'(

[ Y
% C/min. Measurement on rang&m !

atmosphere.

Figure 3.10 Mettler Toldo DSC822-¢/400w
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3.5 Chemical analysis

X-ray Fluorescence (XRF) Analysis was used to measure the elemental

composition of cellulose powder product.

AUEINENINYINS
ARIANTAUNMINGIAY
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