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ABSTRACT: A series of water-soluble cationic 2-hydrox-
ylpropyltrimethylammonium  hemicellulosic ~ derivatives
with low average degrees of substitution (DS’s) were pre-
pared by the incorporation of the cationic moiety 2,3-
epoxypropyltrimethylammonium chloride (ETA) onto the
backbone of hemicelluloses in the presence of NaOH as a
nucleophilic catalyst in homogeneous dimethyl sulfoxide
(DMSO) media. The dependence of the homogeneous reac-
tion on the different affecting factors was investigated. The
average DS was calculated from the N/C ratio in the prod-
ucts and from the weight gain. The degree of substitution
determined by the nitrogen content (DSy) values up to 0.25
in a one-step synthesis of the etherified hemicelluloses

could be controlled by the adjustment of the amount of sol-
vent used and the molar ratio of NaOH or ETA to the
anhydromonomer units in the hemicelluloses. The structure
of the cationic hemicellulosic derivatives formed was deter-
mined by Fourier transform infrared spectroscopy and fur-
ther confirmed with solution-state '*C-NMR spectroscopy.
In comparison, no significant degradation of the hemicellu-
losic derivatives occurred during the etherification of the
polymers in the homogeneous DMSO system. © 2008 Wiley
Periodicals, Inc. ] Appl Polym Sci 109: 2711-2717, 2008

Key words: FTIR; functionalization of polymers; gel perme-
ation chromatography (GPC); polysaccharides; synthesis

INTRODUCTION

The chemical modification of polysaccharides is the
most important route for modifying the properties of
naturally occurring biopolymers and for using this
renewable resource in the context of sustainable de-
velopment. Recent research and development has
focused on the improvement of known products and
synthesis paths and on new derivatives and alterna-
tive synthesis concepts.! For example, the quaterni-
zation of natural hemicelluloses enhances their solu-
bility in water. The first report on the quaternization
of hemicelluloses isolated from pulps concerned the
preparation of flocculants and adhesives.” Two years
later, Antal et al.> prepared cationic polymers by the
quaternization of hardwood hemicelluloses as beater
additives. Recently, research on this aspect has
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become more interesting, and more and more atten-
tion has been paid to the quaternization of hemicellu-
loses.*™® Synthesis was carried out with 3-chloro-2-
hydroxypropyltrimethylammonium chloride (CHMAC)
or 2,3-epoxypropyltrimethylammonium chloride (ETA)
in an alkaline medium.

The overall aim of this research into sugarcane ba-
gasse (SCB) hemicelluloses in our laboratories was to
prepare new polymers from hemicelluloses as addi-
tives in papermaking and as replacements for poly-
mers prepared from petrochemicals. Of particular in-
terest to our group was the investigation of the
effects of various reaction media on the yield and
structural features of water-soluble cationic hemicel-
lulosic derivatives. In the first article of this series,7
we reported the synthesis and structural characteri-
zation of cationic SCB hemicellulosic derivatives con-
taining quaternary ammonium groups with average
degrees of substitution (DS’s) between 0.01 and 0.54,
prepared by etherification with CHMAC or prefera-
bly with ETA in an aqueous alkaline solution. We
found that a significant degradation of the hemicel-
lulosic polymers occurred during the etherification
under the strong alkaline conditions used. To reduce
the substantial degradation of the macromolecular
hemicelluloses, the quaternization was performed in
aqueous organic solvents under relatively low con-
centrations of alkali. In the second article of this
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series,® we reported the synthesis of cationic hemi-

celluloses by quaternization with CHMAC in a het-
erogeneously aqueous ethanol solution. The results
show that cationic hemicelluloses with a noticeable
degradation were obtained, and they had a rather
low average DS, ranging from 0.063 to 0.19. To fur-
ther reduce the degradation of the hemicelluloses
and their derivatives by extensively decreasing the
concentration of alkali used, we performed the
etherification of the SCB hemicelluloses in a homoge-
neously organic solvent system. In this article,
therefore, we describe the synthesis of cationic hemi-
cellulosic derivatives with a low average DS by the
reaction of SCB hemicelluloses with ETA homogene-
ously in dimethyl sulfoxide (DMSO). To optimize
the synthesis procedure, the reaction parameters,
including the amount of reaction media and the
molar ratios of sodium hydroxide to anhydromono-
mer (AM) units and ETA to AM units in hemicellu-
loses, were investigated. The products were charac-
terized by the recovery of the hemicelluloses and
average DS with elemental analysis, ">*C-NMR and
Fourier transform infrared (FTIR) spectroscopy, gel
permeation chromatography, and thermal analysis.

EXPERIMENTAL
Materials

SCB was obtained from Huwei sugar factory
(Guangzhou, China). It was dried in sunlight and
then ground to pass a 0.8-mm screen. The ground
SCB was dried again in a cabinet oven with air cir-
culation for 16 h at 50°C. ETA was purchased from
Dongying Fine Chemicals, Ltd. (Shandong, China).
The other chemicals used in this study were analyti-
cal reagent grade and were purchased from Guangz-
hou Chemical Reagent Co. (Guangzhou, China).

Synthesis of the cationic hemicellulosic derivatives

The hemicelluloses were isolated from SCB after the
removal of lignin by the methods described in one
of our previous articles.® In a typical synthesis, 0.33
g of hemicellulose (equal to 0.0054 mol of hydroxyl
functionality in the hemicellulose) was suspended in
4 mL of water and then heated at 85°C until the
hemicellulose dissolved completely; then, we added
the required amount of DMSO (10-25 mL) under
continuous stirring. After the solution was cooled,
the required quantity of sodium hydroxide was
added. As the temperature was increased to 50°C,
the required amount of ETA was added dropwise
under stirring within 30 min. The mixture was kept
at 50°C for 8 h under stirring. After it was cooled to
ambient temperature, the solution was slowly
poured into 100 mL of 80% ethanol with stirring.
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The product that separated from the solution was fil-
tered off and washed thoroughly with 95% ethanol
to eliminate residual reagents and byproducts.
Finally, the cationic hemicellulosic derivatives
obtained were first air-dried for 12 h and then fur-
ther dried in an oven for 24 h at 45°C.

Determination of the recovery of the
hemicelluloses and the average DS

The recovery percentages were calculated on the ba-
sis of the assumption that all of the hemicelluloses
were fully converted to etherified hemicelluloses. In
this case, the recovery percentage and the average
DS (DSy) would have been 100% and 2.3, respec-
tively, and the recovery of the hemicelluloses was
assumed to be 100% in these calculations. The
unreacted cationic agent in the reaction mixture was
separated from the product by dissolution in etha-
nol. If no reaction occurred and all of the hemicellu-
loses were recovered unreacted, the yield percentage
would have been 28.1% with a DSy value of 0.0. The
contents of nitrogen and carbon in the cationic hemi-
cellulosic derivatives were determined with a Vario
ELIII elemental analyzer (Elementar, Jena, Germany).
DSy of the cationic hemicellulosic derivatives was
calculated from the ratio of the nitrogen to the car-
bon content according to the following equation:®

DSy = (60 X %N)/(14 X %C — 72 X %N)

To reduce error and confirm the results, each experi-
ment was repeated in duplicate under the same con-
ditions. The standard errors or deviations of the
yield, DSy, and DSy were observed to be lower than
5.5, 5.1, and 4.9%, respectively.

Characterization of the cationic
hemicellulosic derivatives

The neutral sugar composition of the isolated native
hemicelluloses was determined by gas chromatogra-
phy analysis of their alditol acetates.” The content of
uronic acids in the native hemicelluloses was
estimated colorometrically by the method of Blu-
menkrantz and Asboe-Hanson.'” Methods for the
measurement of the molecular weights, the record-
ing of the FTIR and solution-state '?C-NMR spectra,
and the determination of the thermal stability of
both the native and etherified hemicelluloses were
described in one of our previous articles.”

RESULTS AND DISCUSSION

Sugar composition of the native
SCB hemicelluloses

Hemicelluloses possess different sugar side chains,
and their composition can vary depending on the
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TABLE I
Yield of Etherified Hemicelluloses and Average DS

Quaternization condition

Cationic hemicellulosic derivatives

Volume of NaOH/AM ETA/AM

DMSO (mL) molar ratio®  molar ratio® Sample no. DSy DSy  Recovery (%)°
10 1.1 2.2 1 0.16 0.18 33.7
15 1.1 2.2 2 0.18 0.19 34.0
20 1.1 2.2 3 0.21 0.24 35.5
25 1.1 2.2 4 0.19 0.19 34.1
20 0.22 2.2 5 0.19 0.19 33.9
20 0.33 2.2 6 0.22 0.25 35.9
20 1.6 2.2 7 0.23 0.25 35.9
20 22 22 8 0.08 0.09 31.0
20 0.33 0.54 9 0.05 0.07 30.2
20 0.33 1.1 10 0.11 0.09 31.0
20 0.33 1.6 11 0.13 0.11 315
20 0.33 2.7 12 0.20 0.20 34.3
20 0.33 33 13 0.21 0.20 34.3
20 0.33 4.3 14 0.14 0.14 324

? Represents the molar ratio of NaOH to AM units in the hemicelluloses.

P Represents the molar ratio of ETA to AM units in the hemicelluloses.

¢ On the basis of the assumption that all of the hemicelluloses were fully converted to
etherified hemicelluloses (recovery = 100%, DSy = 2.30). If no reaction occurred and all
of the hemicelluloses were recovered unreacted, the recovery would be 28.1% (DSy

= 0.0).

method of isolation, even when the isolation is per-
formed under the same conditions with different
extracting batches. The two hemicellulosic prepara-
tions, isolated by 10% KOH for 10 h at 25°C with a
solid-to-liquid ratio of 1-20 (1 g/20 mL) from the
holocellulose in two batches showed minor differen-
ces in their sugar compositions.® The sugar composi-
tion of the native SCB hemicelluloses, obtained in
this study and in the first study of this series with
the same batch, showed that xylose was the main
neutral sugar component (55.2%), and glucose
(27.8%) and arabinose (13.0%) appeared as the sec-
ond and third major sugars. Uronic acids (3.0%),
mainly, 4-O-methyl gucuronic acid, galactose (2.6%),
and mannose (1.5%), were present in small amounts.
In this case, the xylose/glucose/arabinose/galac-
tose/mannose/4-O-methyl gucuronic acid molar ra-
tio in the native hemicelluloses was found to be
57.0: 24.0:134:22:13:2.2. The high amount of
glucose was probably due to the degradation of cel-
lulose during the treatment of the holocellulose with
10% KOH for a longer duration.

Yield and DS of the cationic
hemicellulosic derivatives

As is well known for the modification of polysaccha-
rides, the efficiency of the heterogeneous system is
lower than that of the homogeneous system."' This
may be explained by the fact that in the first case,
the charged groups are accumulated on the surface

of the hemicelluloses and the diffusion of further
cationic agent into the inner parts is increasingly
hindered. With processes with homogeneous sequen-
ces, cationic hemicelluloses are dissolved, and the
reaction on the new surface of the hemicelluloses is
less impeded. Therefore, to increase the product
yields, we adopted a procedure of quaternization of
the hemicelluloses in DMSO as a homogeneous reac-
tion media in our experiment. In all of the water/
DMSO volume ratios used, the suspended hemicel-
luloses in waterlike gel completely dissolved at 85°C
for 20 min; then, DMSO was added, and the solution
was stirred until it was transparent. The reaction
was, therefore, performed in a homogeneous system.
In comparison with the procedure of the etherifica-
tion of hemicelluloses in a heterogeneously aqueous
ethanol solution,® sodium hydroxide in a small
amount was used to activate the hemicelluloses by
increasing the accessibility of the polymer for further
chemical modification in this study. The commer-
cially available ETA was used as the etherifying rea-
gent with 0.54—4.3 molar ratios of cationization agent
per AM unit in the hemicelluloses (Table I). The re-
active species was the epoxide, which was formed
in situ from ETA with a stoichiometric amount of a
base. The main reaction was the quaternization of
hemicelluloses, but also, some diol was formed as a
result of a side reaction (Scheme 1).

The DSy and DSy values agreed well in most
cases. Obviously, the amounts of reaction media had
a great effect on the DS’s of the products. As shown

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 1 Mechanism of the quaternization of the hemi-
celluloses with ETA.

in Table I, the DSy values increased from 0.16 to
0.18 to 0.21 with increasing volume of the reaction
media from 10 (sample 1) to 15 (sample 2) to 20 mL
(sample 3), respectively. This increase was probably
due to the fact that the more homogeneous reaction
media were obtained with an increment in volume
of DMSO from 10 to 20 mL, which raised the reac-
tion rate and efficiency. On the other hand, when
the volume of reaction media was increased further,
DSy decreased from 0.21 in sample 3 to 0.19 in
sample 4. This decrease in the DS values could be
interpreted in terms of a lower availability of ETA
molecules in the proximity of the hemicellulosic mol-
ecules at higher volumes of DMSO. Obviously, the
amounts of solvent had an effect on the reaction
efficiency by influencing the concentration of the
hemicelluloses, NaOH, and ETA in DMSO. Thus, an
optimized volume of reaction media, 20 mL, was
used in further samples.

To obtain a maximum value of DS in the samples,
the one-step reaction of ETA with the hemicelluloses
was conducted under the variation of the amounts
of the catalyst NaOH. Table I also shows the effect
of the molar ratio of NaOH to AM on the value of
the DS. Clearly, with an optimized volume of reac-
tion media (20 mL), a molar ratio of ETA to AM of
2.0, a temperature of 50°C, a reaction time of 8 h, an
alkalization temperature of 50°C, and an alkalization
time of 20 min, a molar ratio of NaOH to AM of
0.22 in the homogeneous system yielded a relatively
high DSy of 0.19 (sample 5). When a greater amount
of NaOH was added (0.33 mol of NaOH/mol of AM
units in the hemicelluloses), the result was an
increase in the DSy value to 0.22 (sample 6). Simi-
larly, a further increase of the amount of NaOH (1.6
mol of NaOH/AM), the DSy of the product was
increased slightly to 0.23 (sample 7). In contrast to
this increasing trend, the DSy values decreased from
0.23 to 0.08 as the amount of NaOH was raised from
1.6 to 2.2 (mol of NaOH/AM). This could be
explained as a consequence of the increasing hydro-
lysis of ETA to the corresponding diol in a high con-
centration of alkali under the reaction conditions
given. Therefore, the hydrolysis of the reagent
should be controlled as lowly as possible. On the
other hand, a certain amount of NaOH was neces-
sary to activate the hemicelluloses. As a result, a low
molar ratio of 0.3 (mol of NaOH/AM) was used in
samples 9-14.
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With reference to the reaction results, we stress
that the DS values increased with increasing amount
of cationic agent per AM unit in the hemicelluloses.
In this case, the DS could be simply controlled by
the adjustment of the molar ratio of ETA to AM
units in the hemicelluloses. As shown by the data
given in Table I, increasing the molar ratios of ETA
to AM from 0.54 (sample 9) to 1.1 (sample 10) to 1.6
(sample 11) to 2.2 (sample 6) led to an increase in
the DS values from 0.05 to 0.11 to 0.13 to 0.22,
respectively. These increases in DS by increases in
the reactant concentration could be interpreted
in terms of the greater availability of ETA molecules
in the proximity of the hemicellulosic molecules at
relatively higher concentrations of the etherifying
agent. In contrast, as the molar ratio of ETA to AM
was further increased from 2.2 to 2.7 (sample 12) to
3.3 (sample 13) to 4.3 (sample 14), the DS decreased
from 0.22 to 0.20 to 0.21 to 0.14, respectively. This
may have resulted from insufficient mixing between
the ETA and hemicellulose phases. Thus, sufficient
time should be given for large extents of etherifica-
tion at higher ETA concentrations. In comparison,
the DS obtained in the homogeneous DMSO system
in this study with a low molar ratio of NaOH to AM
(0.33) was higher than that of the cationic hemicellu-
loses prepared in the heterogeneously aqueous
ethanol solutions with molar ratios of NaOH to AM
0.8-2.0 but lower than that of the hemicellulosic
derivatives performed in a strong aqueous alkaline
solution (molar ratio of NaOH to AM = 20).”

FTIR spectra

FTIR spectra of the native hemicelluloses [Fig. 1(a)]
and cationic hemicellulosic sample 3 [Fig. 1(b)] con-
firmed the extent of quaternization, depicting some
representative spectra of the hemicelluloses ethers.
In the spectrum of the native hemicelluloses, the ab-
sorbance at 3423, 2918, 1620, 1468, 1266, 1165, 1043,
and 892 cm ™! were associated with native hemicellu-
loses in Figure 1(a)."? Compared with the Figure
1(a), Figure 1(b), showing the spectrum of the cati-
onic hemicellulose sample 3, provides evidence of
quaternization by an increase in the intensity of the
major ether bands at 1165 and 1039 cm™'. In addi-
tion, the appearance of a small sharp band at 1463
cm ! in the etherified hemicelluloses [Fig. 1(b)] was
assigned to the CH, bending mode and methyl
groups of the substituent."> The presence of an addi-
tional band at 1413 cm™', assignable to the C—N
stretching vibration, was clear proof of the incorpo-
ration of a cationic moiety onto the backbone of the
hemicelluloses.'"* The intensity of the symmetric
C—H vibration band at 2923 cm ™! increased, which
implied that CH; groups were introduced.
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Figure 1 FTIR spectra of (a) the native hemicelluloses and (b) cationic hemicellulose sample 3.

13C-.NMR spectra

The chemical changes in the structure of the hemi-
celluloses were verified by C-NMR spectroscopy.
The "C-NMR spectra of the native hemicelluloses
and cationic hemicellulose sample 6 with a DSy
value of 0.22 are shown in Figure 2. In comparison
with Figure 2(a) of the native hemicelluloses, the
presence of three signals at 68.4, 65.3, and 53.3 ppm
was characterized by the carbon resonances of
Cy(CH,—N+), CB(CHOH), and C3(CH;);N" moi-
eties, respectively, which again confirmed the occur-
rence of quaternization in the hemicelluloses.* The
occurrence of five signals at 101.8, 76.5, 73.8, 72.8,
and 63.0 ppm related to the carbon atoms of C-1, C-
4, C-3, C-2, and C-5 in the B-p-xyl-p units of the
hemicelluloses."

Thermal analysis

Thermogravimetric (TG) analysis and differential
thermal analysis (DTA) are analytical experimental
techniques that investigate the behavior of substan-
ces as a function of temperature, and their ability is
to characterize, quantitatively and qualitatively, huge
varieties of materials over a considerable tempera-
ture range.'® In this study, the effect of chemical
modification on the thermal properties of SCB hemi-
celluloses was examined by thermogravimetric anal-
ysis and DTA in the temperature range 0-600°C, and
the thermograms of native hemicelluloses and the
etherified hemicellulosic sample 6 are given in Fig-
ure 3. The early minor weight loss observed for both
samples was attributed to the desorption of water
from the polysaccharide structure. Sample 6 in this

stage showed a higher perceptual loss weight than
the native hemicelluloses, which indicated that the
modified hemicelluloses had more absorbed water
than the native hemicelluloses. This fact was in
agreement with the observations about crystallinity
disappearance after chemical modification.® In
addition, this figure gave clear evidence that the
native hemicelluloses had a higher thermal stability
up to 225°C than the modified hemicelluloses at
200°C when decomposition began. Beyond these

Figure 2 'C-NMR spectrum of (a) the native hemicellu-
loses and (b) cationic hemicellulose sample 6.

Journal of Applied Polymer Science DOI 10.1002/app
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temperatures, there was a sharp weight loss in
both the native and etherified hemicelluloses. At
50% weight losses, the decomposition temperature
occurred at 302°C for the native hemicelluloses and
at 285°C for the modified hemicelluloses. These
decreasing trends of decomposition temperature
implied that the thermal stability of the modified
hemicelluloses was lower than that of the native
hemicelluloses. However, this thermal stability of
the etherified hemicelluloses over 200°C would be
rather satisfactory in additives in papermaking.

Figure 3 also shows the DTA curves of the native
hemicelluloses and the modified hemicelluloses.
Notably, the exothermic peak, which represents heat
released from the product, was observed at a maxi-
mum temperature of 305°C for the native hemicellu-
loses and at 290°C for sample 6. This decrement in
temperature was due to the fact that the hydrogen
bonds were destroyed by chemical modification.
Therefore, the thermal stability of the modified hem-
icelluloses decreased.

Weight-average molecular weight (M,,)

To check the extent of the polymer degradation dur-
ing the reaction, the molecular weights of the native
hemicelluloses and the modified hemicellulosic prep-
arations with different average DS’s were further
determined by gel permeation chromatography, and
their M,,, number-average molecular weight (M,,),
and polydispersity (M,/M,) are given in Table IL
As clearly shown, the native hemicelluloses had an
average molecular weight 28,900 g/mol with a 3.2
polydispersity. Compared with that of the native
hemicelluloses, the M,, of the modified hemicellulo-
sic derivatives decreased slightly, which was due to
the minor degradation of the hemicelluloses during
chemical modification. Moreover, the M,’s of the
modified hemicelluloses with high DS values were

o0 T T T =T T
Temperature o

Figure 3 Thermograms of the native hemicelluloses and
modified hemicellulose sample 6.
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TABLE II
M., of the Native Hemicelluloses and Their Derivatives
with Different Average DS Values

Sample no. DSy M, M, My/M,
Native hemicelluloses 0.00 28,890 9000 3.2
6 0.22 26,900 8100 3.3
8 0.08 25,200 7400 34
11 0.13 25,900 8100 3.2
13 0.21 26,900 8300 3.3

higher than that of the modified hemicelluloses with
low DS values. For example, sample 6 (DS = 0.22)
displayed a M, value of 26,900 g/mol, whereas sam-
ple 11 (DS = 0.13) showed a M,, value of 25900 g/
mol. As was also observed, the polydispersity (M,,/
M,,) of the modified hemicelluloses was higher than
that of the native hemicelluloses in most case, which
indicated that the molecular weight distribution of
the modified hemicelluloses was wider than that of
the native hemicelluloses. Interestingly, the cationic
hemicellulosic derivatives, obtained in a homogene-
ous DMSO system, showed higher values of M,
(25,200-26,900 g/mol) than the etherified polymers,
which were prepared in heterogeneously aqueous
ethanol systems (M, = 23,200-25,900 g/ rnol),8 and
the quaternization of SCB hemicelluloses in a strong
aqueous alkaline solution resulted in a substantial
degradation of the polymers, as shown b7y their M,
values between 15,400 and 19,400 g/mol.” From this
point of view, the homogeneous DMSO system was
found to be an optimum reaction medium for the
production of water-soluble cationic hemicellulosic
derivatives without significant degradation of the
macromolecular hemicellulosic polymers.

CONCLUSIONS

These results show that the cationic hemicellulosic
polymers with a low average DS could be prepared
by quaternization with ETA without substantial deg-
radation in the homogeneous DMSO medium. The
DS values reached by these reactions could be
adjusted by the amount of reaction media, sodium
hydroxide, and cationic agent used in the reactions.
Under optimized conditions (reaction temperature =
50°C, reaction time = 8 h, volume of reaction media
= 20 mL, molar ratio of NaOH to AM = 0.33, and
molar ratio of ETA to AM = 2.2), cationic hemicellu-
losic derivatives with a DS value of 022 were
synthesized. FTIR and solution-state >*C-NMR spec-
troscopy studies produced clear evidence that the
quaternization occurred in the hemicelluloses. The
thermal stability of the cationic hemicellulosic
derivatives decreased after chemical modification.
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