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Abstract Molten inorganic salts and salt hydrates
are highly efficient solvents for cellulose. The acet-
ylation and deacetylation of the polymer dissolved in
this group of cellulose solvents was investigated. The
formation of cellulose acetates in molten salts with
low water content and low acidity was confirmed by
FT-IR-spectroscopy and '*C-CP/MAS-NMR spec-
troscopy. The degree of substitution was investigated
by '"H-NMR measurements after perpropionylation.
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Introduction

Molten inorganic salt hydrates were not only estab-
lished as very efficient solvents of cellulose (Fischer
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et al. 1999a, b; Leipner et al. 2000), but they are also
an interesting medium for the derivatization of this
biopolymer.

Chemical functionalization reactions of cellulose
starting from the polymer in homogeneous phase
have undoubtedly broadened the diversity of products
and reaction paths. Advances claimed for reactions
starting with dissolved cellulose are a full availability
of hydroxyl groups, permitting control of both the
degree of substitution (DS) and the distribution of the
functional groups (Heinze and Glasser 1998).

Besides the classical routes an overview of pos-
sibilities for synthesis of cellulose acetate is available
(Heinze and Liebert 2001). The following classifica-
tion is given:

e Homogeneous esterification,
e New methods of heterogeneous esterification and
e Regioselective esterification.

The homogeneous esterification can take place in
derivatizing and non-derivatizing cellulose solvents.
Inorganic molten salt hydrates represent a new class
of non-derivatizing solvents for cellulose. Therefore,
an important topic of our work in the field of
cellulose functionalization was to evaluate molten
salts and molten salt hydrates as reaction medium.
After investigation of carboxymethylation reac-
tions, a classical example for the -etherification
(Heinze et al. 1999; Fischer et al. 2002), the aim of
this work was to study the potential of inorganic
molten salts as reaction medium for the esterification
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of cellulose. The most important ester of cellulose is
still cellulose acetate and, consequently, molten salts
were applied as medium for the acetylation of
cellulose on one hand and as a medium for deacet-
ylation of cellulose triacetates (CTA) on the other
hand.

The focus of interest was the distribution of acetyl
groups within the anhydroglucose unit (AGU), which
may be controlled by the state of dissolution of the
cellulose in the different types of molten salt
hydrates. The cellulose acetate samples obtained
were investigated by FTIR and in detail by means of
"H-NMR after perpropionylation and '*C-CP/MAS-
spectroscopy. Moreover, the cellulose acetates were
analyzed by means of X-ray and TG/DTA analysis.

Materials and methods
Materials

The cellulose used was a dissolving pulp (Rosenthal,
Germany) with a degree of polymerization (DP,,) of
1,255, determined as cellulose nitrate according to a
method described by Fischer et al. (1994). NaSCN
and LiSCN-2H,0 were purchased from Riedel-de
Haén, KSCN, CTA, vinyl laurate and vinyl acetate
from Fluka, ZnCl, and ethylene glycol diacetate from
Merck, LiClO4-3H,O from Alfa Aesar and Acetic
anhydride from Feinchemie Sebnitz, Germany.

Acetylation reaction, typical example

An eutectic mixture of 7.89 g NaSCN, 22.11 g
KSCN (weight ratio = 26.3-73.7%) and 333 g
LiSCN-2H,0 (10% by total weight) was heated up
to a temperature of 130 °C in a closed flask with
magnetic stirrer and 0.5 g refined cellulose were
added. The cellulose dissolved within a few minutes.
The mixture was treated stepwise with 18 g acetic
anhydride and was stirred at a temperature of 130 °C
for a time of 3 h. During this reaction time the melt
became yellowish, later it turned dark-brown color.
Isolation was carried out by precipitation in 200 ml
ethanol, dissolution of the precipitate in 30 ml
DMSO and reprecipitation with 200 ml ethanol.
The last two purifying steps were repeated three
times (sample 7).
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Deacetylation reaction

20 g ZnCl, + 4H,O were heated to a temperature of
65 °C in a closed flask with magnetic stirrer and 0.3 g
of CTA was added (sample 23). The CTA dissolved
within 90 min. During the reaction time of 15 h the
DS decreased at a value of 1.97. The products were
purified with H,O and dried at a temperature of
50 °C.

Measurements

The FT-IR measurements were performed with a
Nicolet 510 spectrometer using the KBr technique.
The 'H-NMR analysis was carried out with a
BRUKER DPX 400 after conversion of free hydroxyl
groups with propionic acid as described by Heinze
et al. (2000). 13 C-NMR-spectra were measured with a
BRUKER MSL 300. The TGA measurements were
performed with SEIKO; X-ray-diffractogramms were
measured with a Siemens D 5000.

Results and discussion
Acetylation

Within the scope of this work investigation towards
the acetylation of cellulose was performed in Li-
ClO4-3H,O at a temperature of 110 °C and in a
eutectic mixture of NaSCN (23.67 wt%)/KSCN
(66.33 wt%) and LiSCN-2H,O (10 wt%) at a
temperature of 130 °C using different acetylation
reagents (acetic anhydride, vinyl acetate, ethylene
glycol diacetate and vinyl laurate).

In LiClO4-3H,O almost no acetylation was
observed. LiClO4-3H,O is a molten salt hydrate
which is characterized by higher values of acidity and
so deacetylation as competing reaction is possible.
However the results show that the deacetylation
depends on the acidity of the molten salt hydrates.
For deacetylation of cellulose acetate (DS = 2.9)
ZnCl, 4+ 4H,0 was used (see section ‘“deacetyla-
tion”). The values for the acidity of this melt (A«
(Fe) = 495.02 nm and A.,, (MK) = 396.23) and
LiClO4-3Hy0 (Amax (Fe) = 501.09 nm and  Ayax
(MK) = 389.01) are similar. Otherwise the water
content of this melt and the hydrolysis of acetic
anhydride by water at higher temperature is another
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cause for not taking place of acetylation in
LiCl04-3H,0.

In contrast, acetylation of cellulose is well possible
in the mixture of NaSCN/KSCN/LiSCN-2H,0 using
acetic anhydride. Former investigations showed that
the acidity of thiocyanates is generally lower than the
acidity of perchlorates (Fischer et al. 1998). On the
other hand this melt of thiocyanates has rather low
water content and so the hydrolysis of acetic anhy-
dride is also comparably low.

Thus, for the first time the one-step-synthesis of
cellulose acetate with different degrees of substitu-
tions in molten salts was successful.

The products formed in molten thiocyanates were
at first characterized by means of FT-IR spectros-
copy. Signals of the carbonyl groups at 1,740-
1,750 cm~ ! were determined indicating the forma-
tion of cellulose acetate (Heinze and Liebert 2004).

Furthermore selected samples were characterized
by means of 'H-NMR spectroscopy for the determi-
nation of the partial degrees of substitution (PDS) as
described by Heinze et al. (2000). Analysis of
propionylated samples revealed a preferred function-
alization of the primary OH-groups.

As shown in Table 1 the DS depends on molar
ratio between AGU and acetic anhydride as well as
reaction time. A DS of about 1 is accessible within
30 min (samples 4 and 6). For the reaction a high

Table 1 Degree of substitution (DS ,ccrae) determined by 'H-
NMR spectroscopy (DSnmr) after perpropionylation and par-
tial degree of substitution (PDS) as function of molar ratio and
reaction time

Sample Molar ratio Time (min) DSymyg PDS at position

C-6 C-2, 3
1 1:100 180 241 0.91 1.57
2 1:100 120 1.90 - -
3 1:100 60 1.98 086 1.12
4 1:100 30 1.23 039 0.85
5 1:80 60 1.40 - -
6 1:75 30 1.02 051  0.50
7 1:60 180 1.20 - -
8 1:60 120 1.20 - -
9 1:60 60 0.90 - -
10 1:60 30 0.80 - -
11 1:50 15 1.09 042  0.67

Molar ratio = AGU: acetic anhydride

surplus of acetic acid anhydride is necessary. With a
molar ratio of 1:100 a DS of 2.41 can be obtained
within 3 h (sample 1). All the values for molar ratio,
reaction time, DS and the Partial Degree of Substi-
tution (PDS) for some selected samples are given in
Table 1. The given values are the DS values of the
acetyl groups.

PDS values were determined for samples 1, 3,4, 6
and 11. The distribution of substituents mostly shows
the highest conversion for the C-6-postion. This is the
same preference as for carboxymethylation in molten
salt hydrates. In our opinion it confirms the proposed
coordination in the salt-water-system. These data
showed that interactions between cellulose and molten
salts containing lithium occur preferably at position 2
and 3 of cellulose (Brendler et al. 2001) and a
subsequent reaction succeeds at the free reactive sites.

In Fig. 1 the comparison of the PDS-values for
these selected samples is shown. The values for the
positions 2 and 3 are given as sum.

Furthermore, the cellulose acetates synthesized in
molten thiocyanates were characterized by means of
X-ray-diffraction. Low crystallinity was determined,
that means products with disordered structure are
formed. This may be due to the acetylation procedure
and work up. After the actual reaction the melts were
cooled down rapidly. Crystallization both of the melts
as well as the cellulose acetate occurs. But during this
process the faster crystallization of the salt inhibits
the defined superstructure formation of the acetate, so
amorphous samples are formed. A typical X-ray-
diffractogramm is shown in Fig. 2.

3.00

[ total DS
2.50 PDS at positon 2 and 3 |-
[ PDS at positon 6

2.00 =

1.50

1.00 H [+ / —

degree of substitution

0.50 1+
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Fig. 1 Comparison of values for DS, PDS at position 2 and 3
and PDS at position 6
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Fig. 4 '>C-CP/MAS-NMR spectra of cellulose acetate syn-
thesized in molten NaSCN/KSCN/LiSCN-2H20 in comparison
with a commercial Fluka product (DS = 2.5)
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Fig. 3 Thermal analysis (DTA/TG) of cellulose acetate
synthesized in a melt of NaSCN/KSCN/LiSCN-2H,0 (heating
rate: 10 K/min with argon)

Such amorphous products are characterized by a
high reactivity on one hand and a lower thermal
resistance on the other. A comparison of commercial
cellulose acetates (Fluka DS = 2.9 and DS = 2.5)
with the obtained products shows, that the last-
mentioned have a higher mass-loss in the beginning
and a lower melting point (250 °C) then the com-
mercial products (melting point = 295-350 °C). The
results of thermal analysis are shown in Fig. 3.

The spectroscopic characterization of some selected
samples was possible by means of '*C-CP/MAS NMR.
All these samples appear the typical signals of the
acetyl group and the cellulose backbone appeared.
Shape analysis of the signal confirmed the low
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crystallinity of the samples. The samples synthesized
in molten salts do not corresponded to the two
crystalline polymorphs of cellulose acetates known
from the literature (Kono et al. 2002).

In Fig. 4 '>C-CP/MAS NMR spectra of three
typical samples synthesized in the molten thiocyanate
mixture are shown in comparison to a commercial
Fluka product.

Additional acetylation experiments in the mixture
of NaSCN/KSCN/LiSCN-2H,O with vinyl acetate,
ethylene glycol diacetate and vinyl laurate did not
yield cellulose esters during a reaction time of 10 h.
Prolongation of the conversion could give an acety-
lated product and will be part of the ongoing research.

Deacetylation

In a final set of experiments the deacetylation of
cellulose triacetate (CTA) in ZnCl, + 4 H,O was
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Table 2 Degree of substitution determined by 'H-NMR
spectroscopy (DSnmr) and partial degree of substitution (PDS-
C6) as function of reaction time (Deacetylation of CTA)

Sample Concentration of Time (h) DSymr  PDS-C6
CTA (wt%)

20 1.5 9 2.46 0.79

21 1.5 10 2.59 0.81

22 1.0 10 2.39 0.75

23 1.5 15 1.97 0.57

24 1.5 21 1.81 0.53

studied. The values for deacetylation of the CTA-
samples are shown in Table 2.

The samples were investigated by means of FT-IR,
the DS and PDS were again determined by the 'H-
NMR spectroscopy after perpropionylation. No side
reactions were observed. As illustrated in Table 2 the
deacetylation depends on the reaction time, i.e. the
DS can be simply controlled by the time of treatment.
Consequently, this procedure is a defined and simple
deacetylation path for cellulose acetates.

Conclusions

Salt melts, e. g. eutectic mixtures of NaSCN/KSCN/
LiSCN-2H,0 are not only new solvents for cellulose;
they can also be applied as media for chemical
derivatization. Beside etherification the acetylation as
typical esterification is possible too. The synthesis of
cellulose acetates only can be carried out in molten
salts with low water content and low acidity.

Unlike the commercial production of cellulose
acetates (DS 2.5) which is usually performed as a
two-step-reaction the synthesis of well soluble cellu-
lose acetates in molten salts is possible in one step.
The molar ratios between AGU and acetic anhydride
as well as the reaction time have a strong influence on
the obtainable DS. So the required DS can be
obtained.
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