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Monastir, Monastir 5019, Tunisia

Received 30 March 2010; accepted 15 June 2010
DOI 10.1002/app.32973
Published online 29 September 2010 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: In this article, we report on the synthesis of
cellulose esters by the reaction of cellulose and some cyclic
anhydrides, such as succinic, maleic, and phthalic anhy-
drides. For this, an esterification method was finalized.
Indeed, cellulose extracted from Posidonia biomass was
first solubilized in the solvent system lithium chloride
(LiCl)/N,N-dimethylacetamide and then esterified by
cyclic anhydride in the presence of catalysts such as N,N-
dimethyl-4-aminopyridine, tripropylamine, tributylamine,
and calcium carbonate. This method was fast and repro-
ducible with the LiCl system as a solvent and with an effi-
cient activation by controlled microwave power. In this
way, the reaction time was reduced from several hours to
just a few minutes. The reaction products were character-

ized by IR and solid-state cross-polarization/magic angle
spinning 13C-NMR spectroscopy. The degree of substitu-
tion (DS) and the grafted ester group content of the differ-
ent products were obtained by alkali saponification
followed by titration of the excess alkali. Two activation
methods were compared, and the results show that the
application of classical heating gave less successful results
than those obtained by microwave activation. Indeed, with
microwave activation, a higher DS (2.25) was obtained af-
ter 10 min. However, with classical heating, a value of DS
equal to 1.2 was obtained after 12 h. VC 2010 Wiley Periodi-
cals, Inc. J Appl Polym Sci 119: 3372–3381, 2011
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INTRODUCTION

Posidonia biomass consists of approximately 30% cel-
lulose;1 this makes it possible to use this waste as an
unconventional source of cellulosic materials.

Cellulose is the most abundant of all naturally
occurring substances and is widely used as a raw ma-
terial in numerous industrial applications.2,3 Chemical
modification of the heterogeneous or homogeneous
phases of cellulose is one method for producing
value-added products. Interest in the derivatization
of cellulose under homogeneous solution conditions
has arisen because the physicochemical properties of
the obtained products are better controlled than those
of products prepared under heterogeneous solution
conditions.4,6 However, because of its high crystallin-
ity, cellulose is insoluble in water and most tradi-
tional organic solvents, which is a major obstacle for
cellulose homogeneous modification.

The solvent system lithium chloride (LiCl)/N,N-
dimethylacetamide (DMAc) shows enormous poten-
tial for the analysis of cellulose. It has proven to be
the most suitable for the preparation of a wide vari-
ety of cellulose derivatives.7–18 Its usefulness in anal-

ysis and chemical modification is due to the facts
that the solvent is colorless and dissolution succeeds
without or at least with negligible degradation, even
in the case of high-molecular-weight polysaccharide.
We chose the LiCl/DMAc system to study the per-
formance of this esterification method and to pre-
pare different ester cellulose samples. It has been
demonstrated by NMR studies that this system is a
true solvent for cellulose; that is, the polysaccharide
is neither degraded nor transformed into a deriva-
tive. In this manner, cellulosic hydroxyl groups are
readily accessible, and diffusion and crystallinity
limitations are avoided.
Recently, there has been increased interest in

microwave heating as an alternative to conventional
heating technology to facilitate difficult reactions;
microwave heating has been proven to be faster and
more efficient.19–29 Considerable efforts have been
devoted to investigate microwave-assisted reactions
in the synthesis and modification of natural poly-
mers. A number of different polysaccharide deriva-
tives, such as cellulose ester,22,24,29 starch ester19,26

and o-alkyl chitosan,30 have been synthesized with
microwaves. To scale up this process, microwave
heating was chosen in this study because it gives
fast, uniform heating and an enhanced reaction rate.
In this study, we aimed to improve the prepara-

tion method by increasing the reaction efficiency
and decreasing the reaction time. The rapid reaction
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of cellulose extracted from Posidonia with cyclic
anhydrides, such as maleic, succinic, and phthalic
anhydrides, in LiCl/DMAc was achieved under
microwave irradiation. The effects of various
reaction times, catalysts, microwave powers, anhy-
drides, and N,N-dimethyl-4-aminopyridine (DMAP)
amounts on the degree of substitution (DS) were
studied. The percentage ester group content (%G) of
the modified cellulose was determined by saponifi-
cation. Fourier transform infrared (FTIR) and solid-
state cross-polarization/magic angle spinning (CP–
MAS) 13C-NMR spectroscopy were performed to
investigate the reaction.

EXPERIMENTAL

Materials

In this study, the cellulose that we used was isolated
from waste Posidonia oceanica (collected from the Tu-
nisian coasts) and then characterized as described in
our previous article.31 All other chemicals used were
analytical grade and were purchased from Sigma-
Aldrich (Missouri, Saint-Louis).

Measurements

FTIR spectroscopy was performed with a Bio-Rad
spectrometer (Brandenburg, Germany). Samples of
each modification were ground to pass a 100-mesh
screen, oven-dried at 105�C for 4 h, mixed with KBr
at a sample–KBr ratio of 1:200 mg and pressed in
vacuo to form pellets. The absorbance was measured
over a range of 400–4000 cm�1 at a resolution of 4
cm�1 in the transmission mode. The baseline was
corrected, and the spectra were normalized to the
band nearest 1160 cm�1.

The solid-state CP–MAS 13C-NMR spectra were
recorded on a Bruker DRX-400 spectrometer (New
Brunswick, NJ) at a frequency of 100 MHz with 5
mm of Magic Angle Spinning Broadband (MAS
BBO) probe. The acquisition time was 0.063 s. The
delay time was 4 s, the special width was 32,051 Hz,
and the pulse time was 5 ls.

Dissolution of cellulose

The method used was described by Tosh et al.16 af-
ter modification to perform cellulose solubilization.
Indeed, a mixture of cellulose (8 g, 49.3 mmol, on
the basis of glucose units) and DMAc (300 mL) was
heated up to 130�C for 30 min in a round-bottom
flask equipped with a short path condenser. Then,
the reaction mixture was cooled to 100�C. After that,
LiCl (6.5 g, 153 mmol) was added, and the mixture
was heated to 100�C for 5 min. Finally, the reaction
mixture was cooled to room temperature and stirred

overnight for dissolution. The cellulose solution pre-
pared previously was diluted to 1% by further addi-
tion of the solvent.

Esterification without a catalyst

The cellulose ester derivatives containing free carbox-
ylic groups were prepared by the reaction of
extracted cellulose with cyclic anhydrides, such as
phthalic, succinic, and maleic anhydrides, in the
LiCl/DMAc systems by microwave activation. The
procedure was as follows: a desired amount of ester-
ifying agent [6 : 1 molar ratio of etherifying agent to
anhydroglucose units (AGUs) in cellulose] was
added to 50 mL of a 1% w/v cellulose solution. This
mixture was irradiated at room temperature without
further stirring in a 500-mL ultrasonic bath (New-
power, Guangzhou, China) until complete dissolu-
tion was achieved (ca. 5 min). After that, the result-
ing solution was subjected to activation in a
microwave oven for various time periods (in
minutes) at different power outputs (160 and 350 W).
Upon completion of the reaction, the resulting reac-
tion mixture was cooled, and the soluble ester prod-
uct was isolated by precipitation with acetone. The
excess anhydrides and byproducts were removed by
Soxhlet extraction with acetone for 16 h. Finally, the
modified cellulose was dried overnight at 65�C.

Esterification with an organic catalyst

The organic catalysts (DMAP, tripropylamine, and
tributylamine) and cyclic anhydrides (succinic, ma-
leic, and phthalic anhydrides) were added to the cel-
lulose solution, and this mixture was irradiated at
room temperature for 5 min without further stirring
in a 500 mL ultrasonic bath. After that, the resulting
solution was subjected to activation in a microwave
oven for various time periods (min) at different
power outputs (90, 160, and 350 W). In a typical
experiment, to 50 mL of a 1% w/v (0.5 g, 3.1 mmol)
cellulose solution, a 1 : 1–3 : 1 molar ratio of organic
catalyst to AGU and cyclic anhydride (1 : 1–12 : 1
molar ratio of anhydride to AGU) were added. The
final temperature was between 120 and 155�C. The
reaction product was precipitated in acetone and
collected by vacuum filtration. The solid was sub-
jected to Soxhlet extraction with acetone to remove
the free anhydride, and finally, the modified cellu-
lose was dried again.

Esterification with an inorganic catalyst

Succinic anhydride (1.86 g) and calcium carbonate
(CaCO3; 0.3 g, 1 : 1 molar ratio of CaCO3 to AGU in
cellulose) were added to 50 mL of the 1% w/v cellu-
lose solution. After irradiation in an ultrasonic bath
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for 5 min, the reaction mixture was activated with
microwaves to obtain the cellulose ester. After the
required time, the reaction vessel was then cooled to
room temperature. CaCO3 was isolated from the
reaction mixture by filtration. The reaction product
was precipitated in acetone and purified by Soxhlet
extraction with acetone. The process of phthalic and
maleic anhydride treatment was similar to that for
succinic anhydride.

Determination of the average ester group content
(%G) and DS

To estimate the average %G of the modified cellu-
lose, 0.5 g of finely ground sample was weighed and
placed in an Erlenmeyer flask, and 5 mL of an
NaOH alcoholic solution (0.25M) was added. The
contents were warmed to 80�C with stirring and
held at this temperature for 17 h. The sodium hy-
droxide solution saponified the modified cellulose,
and excess alkali remaining in the medium was
titrated with 0.1M HCl with a phenolphthalein indi-
cator. Sometimes, the product underwent a minor
degradation because of the treatment with a caustic
in an alcoholic system. Therefore, it was necessary to
treat the native cellulose in the same manner to
obtain the blank value. The %G value of the sample
was calculated with the following formula:32

%G ¼ Vb � Veð Þ � HCl½ � �M

m
� 100 (1)

DS ¼ MAGU �%G

100M�%G�M

where Vb and Ve are the volumes of HCl solution nec-
essary to neutralize the remaining NaOH of the
untreated cellulose and modified cellulose, respec-
tively (L); [HCl] is the molarity of the hydrochloric
acid solution (mol/L); m is the mass of the sample (g);
M is the molar mass of grafted groups (g/mol); and
MAGU is the glucose unit molecular weight (g/mol).

RESULTS AND DISCUSSION

Effects of the process parameters on the
esterification of cellulose

Microwave heating of a polar solvent differs from
conventional heating. Generally speaking, the reac-
tion is accelerated under microwave conditions,
mainly because of the speed with which a mixture
can be heated and the high temperatures easily
obtained. DMAc is a good solvent for reactions in
microwaves because it absorbs microwave radiation
very well and heats up rapidly.

Microwave activation represented a suitable and
effective method for the chemical modification of cel-

lulose in the LiCl/DMAc system, particularly the
esterification with cyclic anhydrides, such as succinic,
maleic, and phthalic anhydrides (Fig. 1). The system
acted as a solvent for both the starting cellulose and
the final products. By varying the process parameters,
we were able to prepare esters with a wide range of
DS values up to 2.25. The parameters were the reac-
tion time, microwave power, nature of the catalyst,
and amounts of anhydride and catalyst (Table I).
First, tributylamine (TBA) and tripropylamine

(TPA) were used as organic catalysts because they
had sufficiently high boiling points to not evaporate
during microwave irradiation. DMAP, which is a
less harmful byproduct of pyridine, was used as cat-
alyst. Furthermore, DMAP was a much more effec-
tive catalyst because of the mesomeric donor effect
of the amine function, which strikingly, increased
the nitrogen basicity of the pyridine ring. CaCO3

was chosen as an inorganic base.
The protocol used with these various catalysts

consisted of holding in suspension (for CaCO3) dis-
solving (for the organic catalyst) the catalyst, adding
the cyclic anhydrides (maleic, succinic or phthalic),
and then, using microwaves for heating. Before the
activation, the solution of cellulose containing the
catalyst was homogeneous in the case of amines and
heterogeneous in the case of CaCO3. The results of
this experimental series are represented in Table I.
By analyzing the evolution of %G according to the

catalyst, we observed that the values obtained in the
presence of CaCO3 were slightly higher than those
obtained without a catalyst. The cellulose esters syn-
thesized in the presence of carbonates had a %G
value lower than those obtained in the presence of
organic bases; this was attributed to the heterogene-
ity of the reaction media. Indeed, cellulose solution/
anhydride/organic catalyst was homogeneous dur-
ing the reaction. For experiments conducted in the
presence of CaCO3, they were heterogeneous. If
three organic bases were compared, high values of
DS and %G were obtained in the case of DMAP.
This result can be probably explained by the fact
that the doublet of the nitrogen in the case of DMAP
was more nucleophilic and less hindered than in the
case of the two other organic catalysts.
The microwave irradiation was studied with a

well-defined medium: 0.5 g of cellulose in 50 mL of
the LiCl/DMAc system, a 1 : 1 molar ratio of DMAP
to AGU, and a 6 : 1 molar ratio of cyclic anhydride
to AGU. Different power outputs were used to irra-
diate this mixture. The values of DS and TE for each
grafted sample are illustrated in Table I (samples 6–
8, 15–17, and 25–27).
Obviously, the increase in microwave power from

90 to 160 W resulted in an increase in the reaction
temperature and, thus, an increase in the DS values
of the products from 1.21 to 2.18 for maleic
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anhydride, from 0.57 to 0.85 for succinic anhydride,
and from 0.6 to 1.06 for phthalic anhydride. The rea-
son for this enhancement was presumably the favor-
able effect of the temperature on the maleation,
phthalation, and succinylation reactions. A higher
temperature would enhance the mobility of the
reacting molecules and the diffusion of the catalyst
and esterifying agents into the cellulosic molecules.
In contrast, a further increase in the reaction temper-
ature from 140�C (160 W) to 155�C (350 W) resulted
in a slight decrease in DS from 2.18 to 2.22, 0.85 to
0.81, and 1.06 to 1.04 for the maleic, succinic, and
phthalic anhydrides, respectively. This phenomenon
revealed that a much higher power (higher tempera-
ture), such as 350 W, resulted in the hydrolysis of
the formed ester; this, consequently, reduced DS.
Therefore, a microwave power of 160 W (reaction
temperature ¼ 140�C) was considered optimal for
the other samples.

Table I clearly shows that DMAP was indispensa-
ble for catalyzing the cellulose esterification. Indeed,
the %G values obtained in the presence of the cata-
lyst were widely higher than those obtained without

a catalyst under the same experimental conditions.
We deduced from Table I (samples 11, 12, 21, 22, 31,
and 32) that in all cases, there were no significant
differences in DS when two concentrations of DMAP
were used.
In conclusion, the amount of DMAP had no signif-

icant effect on the characteristics of the reactions
(DS, %G), but its absence caused an important
decrease in DS.
Figure 2 shows the time courses of cellulose esteri-

fication with the succinic, maleic, and phthalic anhy-
drides. Under the reaction conditions (1 equiv of
DMAP, 6 equiv of cyclic anhydrides), the DS values
of the product increased with increasing reaction
time and reached 2.24, 1.44, and 1.5 within only 10
min for the maleic, phthalic, and succinic anhy-
drides, respectively. This increasing trend of DS
with reaction time could have been due to the
increasing rate and collision time of the esterifying
agents with cellulosic molecules. However, a further
increase in the reaction time from 10 to 12 min had
a detrimental effect on cellulose esterification, and
the DS values decreased from 2.24 to 1.95, 1.44 to

Figure 1 Schematic representation of the esterification of the hydroxyl groups of the extracted cellulose with the cyclic
anhydrides.
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0.88, and 1.5 to 0.96 for the maleic, phthalic, and suc-
cinic anhydrides, respectively. These data indicate
that a more stretched time period, such as 10–12
min, resulted in cellulose degradation and hydroly-
sis of the formed esters, which therefore, reduced
the reaction yield (%G) and (DS). For this reason, we
chose to irradiate the reaction medium for 10 min at
160 W.

The data in Figure 3 indicate that the concentra-
tion of cyclic anhydride also had an important effect
on the reaction efficiency. An increase in the molar
ratio of anhydride units to AGUs in cellulose from
3 : 1 to 6 : 1 led to increases in the DS values from
0.5 to 2.25, 0.74 to 1.45, and 0.36 to 1.51 for the ma-
leic, phthalic, and succinic anhydrides, respectively.
This increase in the reaction efficiency with the
reacting molar ratio was interpreted by the greater
availability of anhydride molecules in the proximity
of these cellulose molecules at a higher concentration
of the esterifying agents.33 When the anhydride/
AGU ratio became equal to or greater than 6, the DS
values then reached constant values of about 2.24,

1.44, and 1.5 for the maleic, phthalic, and succinic
anhydrides, respectively. Similar results were
reported in the esterification of starch with succinic
anhydride and classical heating.33

Figure 2 Effect of the reaction time on DS.

TABLE I
Influence of the Operating Conditions on DS

Anhydride Sample number Catalyst Conditions Anhydride concentrationa Catalyst concentrationb DS %G

Maleic 1 TBA 160 W, 5 min 6 : 1 1 : 1 0.39 19.2
2 TPA 160 W, 5 min 6 : 1 1 : 1 0.41 20
3 CaCO3 350 W, 15 min 6 : 1 1 : 1 0.16 8.9
4 CaCO3 160 W, 5 min 6 : 1 1 : 1 0 0
5 CaCO3 160 W, 10 min 6 : 1 1 : 1 0.12 7.3
6 DMAP 160 W, 5 min 6 : 1 1 : 1 2.18 57.1
7 DMAP 90 W, 5 min 6 : 1 1 : 1 1.21 42.5
8 DMAP 350 W, 5 min 6 : 1 1 : 1 2.22 58.2
9 — 350 W, 15 min 6 : 1 — 0.09 5.2

10 — 160 W, 10 min 6 : 1 — 0.11 6.2
11 DMAP 160 W, 10 min 6 : 1 1 : 1 2.24 57.7
12 DMAP 160 W, 10 min 6 : 1 3 : 1 2.16 56.8

Succinic 13 TBA 160 W, 5 min 6 : 1 1 : 1 0.67 29.2
14 TPA 160 W, 5 min 6 : 1 1 : 1 0.66 28.9
15 DMAP 160 W, 5 min 6 : 1 1 : 1 0.85 34.4
16 DMAP 90, 5 min 6 : 1 1 : 1 0.75 31.6
17 DMAP 350, 5 min 6 : 1 1 : 1 0.81 35.7
18 CaCO3 350 W, 15 min 6 : 1 1 : 1 0.15 8.9
19 — 350 W, 15 min 6 : 1 — 0.04 6.4
20 — 160 W, 10 min 6 : 1 — 0.14 7.9
21 DMAP 160, 10 min 6 : 1 1 : 1 1.5 48
22 DMAP 160, 10 min 6 : 1 3 : 1 1.59 49.5

Phthalic 23 TBA 160 W, 10 min 6 : 1 1 : 1 0.99 47.4
24 TPA 160 W, 10 min 6 : 1 1 : 1 0.97 46.6
25 DMAP 160 W, 5 min 6 : 1 1 : 1 1.06 49.1
26 DMAP 90, 5 min 6 : 1 1 : 1 0.6 35.4
27 DMAP 350, 5 min 6 : 1 1 : 1 1.04 48.7
28 CaCO3 350 W, 15 min 6 : 1 1 : 1 0.13 23.1
29 — 350 W, 15 min 6 : 1 — 0.12 19.8
30 — 160 W, 10 min 6 : 1 — 0.22 16.7
31 DMAP 160 W, 10 min 6 : 1 1 : 1 1.44 56.8
32 DMAP 160 W, 10 min 6 : 1 3 : 1 1.5 57.8

a Ratio of the cyclic anhydrides to AGU in cellulose (mol/mol).
b Ratio of the catalyst to AGU in cellulose (mol/mol).
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On the other hand, manipulations with a molar ra-
tio of anhydride to AGU of 1 : 1 in cellulose were
realized. However, no product was isolated,
although the reaction took place well. If the reaction
did not take place, the cellulose would have precipi-
tated by the addition of acetone. The obtained prod-
uct during this reaction with a very low DS was
soluble in the LiCl/DMAc/acetone mixture and did
not yield to solid material.

Microwave heating gave higher DS values as com-
pared to conventional heating (Fig. 4). Cellulose,
cyclic anhydride (6 equiv), and DMAP (1 equiv)
were made to react for 12 h at 130�C. The maleated,
succinylated, and phthalated celluloses were
obtained with DS values equal to 1.12, 0.53, and
0.74, respectively (the DS values obtained from
microwave heating for 10 min were 2.24, 1.5, and
1.44, respectively). Thus, conventional heating gave
esters with about half the DS value of those obtained
by microwave-assisted reaction.
According to the literature, if there is an increase

in the polarity of the medium or charge separation
in the reaction transition state, a faster reaction is
observed under microwave irradiation because the
transition state is stabilized, which decreases the
activation energy.34,35 It is expected that one will
consider a reaction mechanism that proposes a
charge separation in the reaction transition state,
similar to that presented in Figure 5.16

Characterization of the cellulose esters

FTIR spectra characterization

Transmission FTIR analysis was used to verify the
progress of the esterification reaction. As an exam-
ple, Figures 6–8 compare the FTIR transmission
spectrum of unmodified cellulose with those of the
celluloses modified with phthalic anhydride (Fig. 6),
succinic anhydride (Fig. 7), and maleic (Fig. 8) anhy-
drides. The spectrum of the unmodified cellulose
confirmed perfectly that reported in the literature.

FTIR spectra of the phthalated cellulose

Figure 6 shows the FTIR spectra of the unmodified
cellulose (spectrum 1) and those of the phthalated
cellulose samples with DS values equal to 0.22 and
1.04 (spectra 2 and 3, respectively). The absorbencies

Figure 3 Effect of the cyclic anhydrides on DS.

Figure 4 Comparison of the two methods of activation.
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at 3440, 2923, 1635, 1380, 1150, and 1032 cm�1 shown
in spectrum 1 were associated with native cellulose.
Indeed, the absorption of 3440 cm�1 was due to the
stretching of OH groups, and the one at 2923 cm�1

was due to CAH stretching. The band at 1635 cm�1

corresponded to the bending mode of the absorbed
water. Each spectrum gave a peak at 1380 cm�1,
which was attributed to OAH bending. The absorp-
tion band at 1150 cm�1 was related to CAO antisym-
metric bridge stretching. The CAOAC pyranose ring
skeletal vibration occurred in the region 1032 cm�1.

More importantly, spectra 2 and 3 gave evidence
of phthalation. The band at 1721 cm�1 was indica-
tive of absorption by carbonyl groups in carboxyl
and esters. In general, the absorption by carbonyl

bonds in esters gives bands at 1740 cm�1, and that
in carboxylic acids shows a band at 1700 cm�1.36

The two bands strongly overlapped, and this, there-
fore, resulted in a band centered at 1721 cm�1. Inter-
estingly, a strongly increasing intensity of the bands
in the range 1250–1300 cm�1 was observed in the
spectrum of the modified cellulose. The bands at
1263 and 1121 cm�1 were related to CAO symmetric
and antisymmetric stretching, respectively, in ester.
These observations revealed that an ester and a car-
boxylic acid were formed during the reaction. In
addition, the intensity of the absorption bands at
1603 cm�1 for aromatic ring vibrations and at 746
cm�1 for out-of-plane CAH bending of the disubsti-
tuted benzene was observed after phthalic anhy-
dride treatment (spectra 2 and 3). This indicates that

Figure 5 Proposed mechanism for the esterification of the extracted cellulose by a cyclic anhydride in the presence of
DMAP as a catalyst under microwave activation.

Figure 6 FTIR spectra of the (1) unmodified cellulose, (2)
phthalated cellulose with DS ¼ 0.22, and (3) phthalated
cellulose with DS ¼ 1.04.

Figure 7 FTIR spectra of the (1) unmodified cellulose, (2)
succinylated cellulose with DS ¼ 0.85, and (3) succinylated
cellulose with DS ¼ 1.59.
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the phthalyl group was introduced into cellulosic
molecules.37 As expected, the absence of the band at
1745 cm�1 in spectra 2 and 3 of the phthalated cellu-
lose confirmed that cellulose reacted with dicarbox-
ylic acid anhydride to form a monoester under the
stated conditions. As shown in Figure 6, an increase
in DS from 0.22 (spectrum 2) to 1.04 (spectrum 3)
led to an increase in the intensity of the bands at
1721 cm�1 for C¼¼O stretching in ester and carboxyl
groups.

FTIR spectra of the succinylated cellulose

Figure 7 shows the FTIR spectra of raw cellulose
(spectrum 1) and succinylated cellulose samples
with DS values equal to 0.85 and 1.59 (spectra 2 and
3, respectively). In the FTIR spectra of succinylated
cellulose, strong absorptions at 1736 and 1162 cm�1

were observed; these confirmed the existence of car-
boxylic esters and provided evidence of succinyla-
tion. The former band was indicative of absorption
by carbonyl groups in carboxyls and esters, and the
latter band was derived from the antisymmetric
stretching of ester groups. These results confirmed
the formation of an ester and a carboxylic acid,
which suggested that the monoester of succinylated
cellulose was formed in the LiCl/DMAc system
under the given conditions. As expected, the absence
of the band at 1850 and 1780 cm�1 in the spectra of
the succinylated cellulose confirmed that the prod-
ucts were free of the unreacted succinic anhydride.
The relative intensity of these bands increased pro-
gressively with increasing DS values, as illustrated
in Figure 7 (spectra 2 and 3) for succinylated
cellulose.

FTIR spectra of the maleated cellulose

The chemical structure of maleated cellulose was
changed compared to untreated cellulose, as indi-
cated by the FTIR spectra (Fig. 8). Obviously, the
maleated cellulose (spectra 2 and 3) was character-
ized by the presence of two important ester bands at
1730 and 1162 cm�1. The former band, at 1730 cm�1,
was attributed to absorption by carbonyl bond
esters. The latter band, at 1162 cm�1, was assigned
to the CAO stretching of ester groups. It is very
likely that the carbonyl bonds in free carboxylic
acids at 1712 cm�1 strongly overlapped with the pre-
vious one, and the formation of the monoester in the
homogeneous esterification by microwave activation
was dominant. In addition, the intensity of the
absorption bands at 1636 cm�1 for C¼¼C bonds was
observed after maleic anhydride treatment (spectra 2
and 3); this indicated that the maleayl group was
introduced into the cellulosic molecules.38 These
bands existed in the FTIR spectra of all of the
maleated celluloses that we investigated, and their
intensity was found to increase with DS (Fig. 8).

Solid-state CP–MAS 13C-NMR spectra

CP–MAS 13C-NMR spectroscopy is the most effec-
tive of the few methods for the characterization of
the cellulose and is capable of directly providing
detailed information on solid samples.37,39 In this ar-
ticle, the maleation, succinylation, and phthalation
reactions of cellulose extracted from Posidonia were
also studied by CP–MAS 13C-NMR spectroscopy.
The spectra of native cellulose (spectrum a) and the
succinylated (spectrum b, DS ¼ 1.59), phthalated
(spectrum c, DS ¼ 1.04), and maleated (spectrum d,
DS ¼ 2.18) celluloses are shown in Figure 9. The
peaks were assigned according to the literature. The
appearance of new resonance peaks in the spectra of
the treated cellulose, typical of aliphatic (29–35
ppm), aromatic (131–137 ppm), and carboxylic car-
bons (172–175 ppm), gave additional evidence of the
occurrence of the esterification reaction. In the spec-
trum in Figure 9(b), the appearance of the 31- and
175-ppm bands of cellulose treated with succinic an-
hydride arose from the methylene group (CH2) and
carbonyl group (C¼¼O) of the succinyl group, respec-
tively. The spectrum of cellulose treated with
phthalic anhydride is shown in Figure 9(c), and the
intensity of the 131.9- and 172.91-ppm (aromatic ring
and carbonyl group, respectively) bands were
slightly enhanced after treatment. Figure 9 shows
the spectrum of maleated cellulose. The appearance
of the 137.5- and 172.7-ppm bands of cellulose
treated with maleic anhydride [Fig. 9(d)] arose from
methylidene (HC¼¼CH) and carbonyl (C¼¼O) groups
of the maleayl group, respectively.

Figure 8 FTIR spectra of the (1) unmodified cellulose, (2)
maleated cellulose with DS ¼ 1.21, and (3) maleated cellu-
lose with DS ¼ 2.18.
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CONCLUSIONS

Maleated, succinylated, and phthalated celluloses
were synthesized with a wide range of DS values by
the perfection and optimization of a new, rapid, re-
producible method with solubilization in LiCl/
DMAc solvent and microwave irradiation with con-
trolled power. The reaction time was reduced from
several hours to 10 min. DMAP was more active as
a catalyst for esterification than the other catalysts
used. The DS values of the cellulose derivatives
ranged from 0.14 to 2.25 and increased with increas-
ing reaction time from 2 to 10 min, with increasing
microwave power from 90 to 350 W, and with
increasing molar ratio of anhydride to AGU in cellu-
lose in the range from 1 : 1 to 12 : 1. The catalyst

amount did not influence DS. FTIR and CP–MAS
13C-NMR spectroscopy revealed that the esterifica-
tion of cellulose extracted from Posidonia with cyclic
anhydride occurred.
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