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Thermal Stabilization of Nanocellulose by Chemical Modification

WA (papsiic £ 50/ b | — X OTEWER L)

GRXANADEE)

The utilization of cellulose has recently expanded into applications that take advantage
of its deconstructed fibers, a material known as nanocellulose. Among the various
applications of nanocellulose, its use as a reinforcing filler has drawn tremendous interest
among researchers. The inherent excellent mechanical properties of crystalline nanocellulose,
which was reported to be as strong as Kevlar, make it a good candidate as reinforcing filler in
polymer composite preparation. The poor thermal stability of nanocellulose, however, limits
its potential to reinforce polymer matrices with high melting points such as polyamide or
polycarbonate. In order to expand the application of nanocellulose to reinforce polymer
matrices with high melting points (>220°C), this study was conducted to improve the thermal
stability of nanocellulose by chemical modification.

In Chapter 2, acetylation, which is the simplest and most commonly used chemical
modification technique for cellulose, was carried out on bacterial cellulose (BC), which was
chosen to eliminate the effect of hemicellulose. The effect of degree of polymerization (DP)
on the thermal stability of BC before and after acetylation was studied systematically. BC
with varying viscosity-average degree of polymerization (DPv, 1100, 500 and 300) were
prepared by acid hydrolysis and were acetylated to a degree of substitution (DS) of about
0.4. Based on the results of thermogravimetric analysis (TGA), thermal stability decreased
with decreasing DPv, which was attributed to the increase in the number of reducing ends
(REs) as DPv decreased. Acetylation improved the thermal stability of BC and the degree of
improvement increased with decreasing DP. Furthermore, it was found out that possible
protection of reducing ends by acetyl group contribute to the high degree of improvement in
thermal stability in BC with low DP.

The effect of the structure of the esters on thermal stability of nanocellulose was
evaluated and the results were presented in Chapter 3. BC nanofibers (DPv of 1100) and
nanocrystals (DPv of 300) were esterified to a DS of about 0.40 with various types of esters:
short and long straight-chain; cyclic (adamantoyl, ADM); aromatic (benzoyl, BNZ); and
branched (pivaloyl, PIV). TGA results showed that the temperature at maximum weight loss

rate (Tmax) increased after esterification but the structure of the ester groups showed no




varying effect on Tmax. Esters with straight aliphatic chain showed lower 5% weight loss
temperature (WLT) than those of the bulky esters of ADM, BNZ, and PIV. Pyrolysis-gas
chromatography-mass spectrometry analysis revealed that deprotection or the removal of the
ester groups was found to be the main event occurring at the initial stage of thermal
degradation of nanocellulose esters. From the structure and types of pyrolysis products, it
was found that straight-chain esters deprotect by condensation reaction which was proposed
to be driven by the presence of alpha hydrogens. Bulky esters of ADM, BNZ, and PIV which
do not possess alpha hydrogens deprotect by direct ester bond cleavage. Deprotection by
direct ester bond cleavage was found to require higher temperature than deprotection by
condensation reaction, thus resulting to higher 5% WLT of ADM, BNZ, and PIV esters than
those with straight chain esters.

The thermal stability of nanocellulose esters was further evaluated in Chapter 4 by
investigating their resistance against thermally-induced depolymerization and discoloration.
Films of BC esters with and without a-hydrogens were heated isothermally at various
temperatures for 1h in nitrogen or in air. The changes in molecular weight distribution of the
residual cellulose were evaluated by gel permeation chromatography. Results showed that
esterification alters the rate of thermally-induced depolymerization of nanocellulose. BNZ and
PIV esters without o-hydrogens showed higher resistance against thermally-induced
depolymerization than acetyl and myristoyl esters with alpha hydrogens, in nitrogen and in air.
The resistance of BNZ and PIV esters against depolymerization was also complemented by its
resistance against thermal discoloration. The delay of depolymerization translates to the
inhibition of the formation of REs which can be active sites for thermal discoloration.

In Chapter 5, the effect of esterification on wood-based cellulosic pulps and nanofibers
(WCNF) were investigated to understand the effect of hemicellulose on thermal stability. The
degree of improvement in thermal stability of wood-based pulps is a function of DS.
Esterification to a DS of 0.3 yielded esters with lower thermal stability than those esterified
to a DS of 0.6, which must have completely esterified the hemicellulose. Similar to BC, BNZ
and PIV esters of pulps also showed higher weight-loss resistance than those with straight-
chain esters. Because of the higher reaction rate of benzoylation over pivaloylation,
benzoylation was chosen to modify WCNF. Benzoylated WCNF showed higher resistance
against thermal weight-loss and thermally-induced depolymerization and discoloration than
the untreated WCNF.

Finally, in Chapter 6, the overall findings of the study were summarized. The thermal
stability of nanocellulose can be improved by esterification with ADM, BNZ, and PIV; which




do not possess alpha hydrogens. Despite the presence of amorphous hemicellulose, the thermal
stability of benzoylated wood-based cellulosic pulps can be comparable to that of benzoylated
BC nanofibers. On the other hand, the thermal stability of benzoylated WCNF was only
comparable to that of the BC nanocrystals with a DPv of 300. Even though a high degree of
improvement in thermal stability of low-DP nanocelluloses (BC nanocrystals and WCNF) can
be achieved after esterification, the esterified low-DP nanocelluloses cannot surpass the
thermal stability of esterified high-DP nanocelluloses. It is therefore recommended to optimize
the preparation of nanocellulose, in a way that will minimize depolymerization, so that

subsequent chemical modification will be more effective.
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