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Wheat straw hemicelluloses were converted to novel bifunctional hemicellulosic derivatives by
etherification using acrylamide as reactant and sodium hydroxide as catalyst. The degree of substitution
can be monitored by altering the molar ratio of acrylamide to xylose unit in hemicelluloses in the
range of 1.0-10.0 and the molar ratio of sodium hydroxide to xylose unit in hemicelluloses in the
range of 0.5-1.6, without changing the structure of the hemicelluloses. Comparison of the reaction
in different media is discussed in detail. The optimized product with a high DS value of 0.58 was
obtained by varying the condition parameters. Novel hemicellulosic derivatives containing carbam-
oylethyl and carboxyethyl groups could be confirmed by FT-IR, 1H NMR, and 13C NMR spectroscopies.
The behavior of hemicellulosic derivatives was monitored by means of thermogravimetry (TG) and
differential thermal analysis (TGA). It was found that the product with a high DS had a lower thermal
stability than the native hemicelluloses.
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INTRODUCTION

Hemicelluloses, the second most abundant class of polysac-
charides found in nature after cellulose, are considered to be
an almost inexhaustible source of raw material for the increasing
demand for environmentally friendly and biocompatible prod-
ucts. Recently, increasing knowledge of and a growing willing-
ness to develop new biopolymer-based materials has led to an
increasing application of hemicelluloses and their derivatives
(1). It is particularly interesting to exploit the hemicelluloses
from annual agricultural residual biomass as novel environ-
mentally friendly materials for industries. For example, the
hemicelluloses referred to as corn fiber gum are now utilized
to replace food gums, thickeners, and adhesives (2). The
feruloylated xylans isolated by dimethyl sulfoxide, dilute
aqueous alkali hydroxide solution, hot water, and steaming can
be utilized as a wound management aid (3). In addition, some
of the xylan-rich hemicelluloses isolated from agricultural
residues such as corn stalks, wheat straw, and bamboo leaves
(4) and the 4-O-methylglucuronoxylan from Japanese beech
wood (5) have been reported to inhibit the growth rate of
sarcoma-180 and other tumors. Carboxymethylated xylan-rich
wood hemicelluloses (6) have been found to activate T-
lymphocytes and immunocytes and claimed as a new Chinese

antitumor drug (7). Quaternized xylan-rich sugar cane bagasse
hemicelluloses (8) have been reported to strengthen properties
of sheets formed from old corrugated container (OCC) pulp. A
further useful functional property of arabinoxylans is their ability
to retain gas in dough and protect protein foam against thermal
disruption (9). These effects were related to the viscosity and
film-forming properties of arabinoxylans (10).

The chemical modification of polysaccharides is the most
important route to modify the properties of naturally occurring
biopolymers and to use this renewable resource in the context
of sustainable development. Recent research and development
have been focused on the improvement of the unknown products
and synthesis paths as well as on new derivatives and alternative
synthesis concepts (11). On the basis of the complex structure
and reactivity of hemicelluloses, chemical modification reactions
continue to play a dominant role in improving the overall
utilization of this biomacromolecules. An alternative path for
increasing the applicability of hemicelluloses is chemically
modifying them by incorporating many kinds of chemical groups
on the hydroxyl groups of the xylose units in hemicelluloses.
The hydroxyl groups allow the potential for esterification,
etherification, oxidation, and other reactions such as hydrolysis
and reduction. According to this procedure, several hemicellu-
lose derivatives may be produced, as, for example, quaternized
hemicellulosic derivatives (12-14), carboxymethyl hemicel-
luloses (15, 16), lauroylated hemicellulosic derivatives (17),
acetylated hemicellulosic derivatives (18, 19), and oleoylated
hemicellulosic derivatives (20). Quaternized and carboxymethyl
hemicellulosic derivatives have in common an increase in the
most common water solubility. In addition, the increase in
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solubility in organic solvents is observed in acetylated hemi-
cellulosic derivatives, oleoylated hemicellulosic derivatives, and
lauroylated hemicellulosic derivatives. However, up to now there
has been no published study on hemicellulsosic derivatives
containing carbamoylethyl groups and carboxyl groups. Those
hemicellulosic derivatives with bifunctional groups show new
properties, such as hydrophilic character and inexpedient
properties.

The preparation and properties of new polymers from
hemicelluloses are an important part of any research program
aimed at utilizing annually renewable, agriculturally derived
polymers as extenders and replacements for polymers prepared
from petrochemicals. In this context, the overall aim of the
present research into hemicelluloses in our laboratories is to
prepare the new polymers from hemicelluloses with bifunctional
groups. The preferred route to the formation of these materials
is by the etherification of hemicelluloses using acrylamide in
the presence of a suitable alkaline catalyst, usually sodium
hydroxide. In this work the optimized etherification condition
could be controlled by varying the reaction parameters. Ad-
ditionally, the different media were compared and are discussed
in detail. The modified hemicelluloses were characterized by
degree of substitution (DS) and Fourier transform infrared (FT-
IR) and 1H and 13C nuclear magnetic resonance (NMR)
spectroscopies as well as thermal analysis.

MATERIALS AND METHODS

Materials and Reagents. Wheat straw was obtained from the
experimental farm of the North-Western University of Agricultural and
Forest Sciences and Technology (Yangling, China). It was first dried
in sunlight and then ground to pass a 1.2 mm size screen. The ground
straw was further dried again in a cabinet oven with air circulation for
16 h at 50 °C. Acrylamide and other chemicals were of analytical grade
and were purchased from Guangzhou Chemical Reagent Factory,
China.

Isolation and Characterization of Hemicelluloses from Wheat
Straw. Ground wheat straw (50 g) was first extracted with toluene/
ethanol (2:1, v/v) for 6 h and then using 1000 mL of H2O at 75 °C for
2 h to remove water-soluble hemicelluloses. The water-soluble free
sample was delignified with sodium chlorite in acidic solution (pH
3.8-4.0, adjusted by 10% acetic acid) at 75 °C for 2 h. The
hemicelluloses were then obtained from the holocellulose by extraction
with 10% KOH at 23 °C for 10 h with a liquor to solid ratio of 1:20
(g mL-1). The hemicelluloses were recovered from the supernatant by
acidification to pH 5.5 with 6 M acetic acid and then by precipitation
of the neutralized hydrolysate in 3 volumes of 95% ethanol. After
filtration, the pellets of the hemicelluloses were washed with acidified
70% ethanol and then air-dried.

Synthesis of Novel Hemicellulosic Derivatives. The typical pro-
cedure of the preparation of hemicellulosic derivatives with bifunctional
groups is as follows. An amount of 0.66 g of hemicellulose powder
(0.01 mol of hydroxyl functionality in hemicelluloses) in water was
heated to 80 °C under stirring until completely dissolved (approximately
10 min), and then the mixture was cooled at room temperature.
Subsequently, a required quantity of sodium hydroxide was added
dropwise in this mixture for 20 min at room temperature, and then
different media [distilled water, ethanol, ethanol/acetone, isopropanol,
butanol, and N,N-dimethylformamide (DMF)] were gradually added,
respectively, to form a homogeneous or heterogeneous system, and the
volume of medium was set to 12 mL. Acrylamide was then added in
the reaction mixture, and the temperature of the reaction was kept at
room temperature. After 12 h, the product was neutralized with acetic
acid and washed with 95% ethanol. The product was dialyzed (cutoff
) 3500 g mol-1) with distilled water and then freeze-dried. As can be
seen in Tables 1 and 2, 14 samples were prepared by changing the
different reaction media, the molar ratio of acrylamide to xylose unit
in hemicelluloses from 1.0 to 10.0, and the molar ratio of sodium
hydroxide to xylose unit in hemicelluloses from 0.5 to 1.6.

Characterization of Hemicelluloses and Their Derivatives. The
neutral sugar composition of the isolated native hemicelluloses was
determined by gas chromatography (GC) analysis of their alditol
acetates (21). The content of uronic acids in native hemicelluloses was
estimated calorimetrically according to the method of Blumenkrantz
and Asboe-Hanson (22).

FT-IR spectra were obtained on an FT-IR spectrophotometer (Nicolet
510) using a KBr disk containing 1% finely ground samples. Thirty-
two scans were taken for each sample recorded from 4000 to 400 cm-1

at a resolution of 2 cm-1 in the transmission mode. The solution-state
13C NMR spectra were recorded on a Bruker DRX-400 spectrometer
at 25 °C from 80 mg of sample dissolved in 1.0 mL of D2O for native
hemicelluloses and their derivates after 30000 scans. A 60° pulse
flipping angle, a 3.9 µs pulse width, and a 0.85 s delay time between
scans were used. The solution-state 1H NMR spectra were recorded
on a Bruker DRX-400 spectrometer at 25 °C from 15 mg of sample
dissolved in 1.0 mL of D2O for native hemicelluloses and their derivates.

Thermal stability of the native and modified hemicellulosic samples
was determined using a simultaneous thermal analyzer (Pyris Diamond
TG/DTA, PE Instrument). The sample weighed between 8 and 12 mg.
The scans were run from room temperature to 600 °C at a rate of 10
°C min-1 under nitrogen flow. Prior to thermal analysis, the samples
were dried in a vacuum at 80 °C for 24 h.

RESULTS AND DISCUSSION

Analysis of the Isolated Native Hemicelluloses. The sugar
analysis showed the following sugar composition (relative
percent): 82.3% xylose, 9.6% arabinose, 4.0% glucose, 2.4%
galactose, 0.7% rhamnose, 0.8% mannose. Uronic acids, mainly
4-O-methyl-R-D-glucuronic acid (MeGlcA), were present in a
noticeable amount (3.9%).

Synthesis of Novel Hemicellulosic Derivatives. Chemical
modification on hemicelluloses induces physical changes be-
cause the introduction of side chains leads to different structural
characteristics in the raw materials. The new hemicelluloses had
improved mechanical properties in comparison with the con-

Table 1. Degree of Substitution (DS) of Novel Hemicellulosic Derivatives
Synthesized in Different Media

DS

medium sample carbamoylethyl carboxyethyl total ratioa

NaOH/H2O 1 0.31 0.030 0.34 10.3
ethanol 2 0.15 0.049 0.20 3.1
isopropanol 3 0.28 0.10 0.39 2.8
ethanol/acetone 4 0.16 0.068 0.23 2.4
DMF 5 0.03 0.014 0.04 1.9

a Represents the ratio of carbamoylethyl to carboxyethyl groups.

Table 2. Degree of Substitution (DS) of Hemicellulose Derivatives
Obtained by the Reaction of Hemicelluloses with AM in Various Reaction
Conditions

DSa

molar ratiob molar ratioc sample carbamoylethyl carboxyethyl total ratiod

4.0 0.5 6 0.13 0.05 0.18 2.53
4.0 1.0 7 0.29 0.09 0.38 3.12
4.0 1.2 8 0.21 0.14 0.36 1.50
4.0 1.6 9 0.16 0.20 0.35 0.80
1.0 1.0 10 0.06 0.06 0.12 1.03
2.0 1.0 11 0.12 0.11 0.23 1.04
6.0 1.0 12 0.32 0.12 0.44 2.72
8.0 1.0 13 0.36 0.14 0.50 2.60

10.0 1.0 14 0.41 0.17 0.58 2.50

a Determined by 1H NMR and 13C NMR. b Represents the mole ratio of
acrylamide to xylose unit in hemicelluloses, xylose unit Mw ) 132. c Represents
the mole ratio of NaOH to xylose unit in hemicelluloses, xylose unit Mw ) 132.
d Represents the ratio of carbamoylethyl groups to carboxylethyl groups.
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ventional hemicelluloses. This can be achieved by appropriately
selecting the chemical structure of the reactants being grafted
onto hemicelluloses; the new hemicelluloses obtained could
show new properties, such as hydrophilic or hydrophobic
character, thermal stability, and resistance to chemical and
biological agents. In this etherification reaction of hemicelluloses
acrylamide was selected as etherification reagent and reacted
with hemicelluloses in an alkaline condition. In other words, in
this Michael addition, acrylamide can react with hemicelluloses
in alkaline condition to form the carbamoylethyl ether of
hemicelluloses. Less than 1 min was needed to dissolve
completely in water at room temperature the hemicellulose ether
obtained, which indicated that the hemicellulose ether showed
the property of hydrophilicity. The reaction mechanism is shown
in Figure 1 on the assumption that hemicelluloses were xylan.
As shown obviously, this reaction needs a catalyst to allow the
formation of nucleophilic sites on hemicelluloses, and then
hemicelluloses reacted with acrylamide to result in Hemi-
OsCH2-CH2sC(dO)sNH2 (Figure 1a). Moreover, the acyl-
amino groups can be easily saponified to carboxyl groups and
give carboxyethyl hemicelluloses as the stable end product in
higher alkaline aqueous medium at elevated temperature (23).
Therefore, the product obtained was partially saponified into
Hemi-OsCH2sCH2sC(dO)sONa (Figure 1b). More alkaline
conditions could saponify acrylamide into CH2dCHsC-
(dO)sONa (Figure 1c). Therefore, the novel hemicellulosic
derivatives may have bifuctional groups, which are carbamoyl-
ethyl and carboxyethyl groups. In addition, the swelling of
hemicelluloses in hot water before the etherification was
necessary to increase the product yields because the diffusion
of the monomer inside the hemicelluloses is easier.

Degree of Substitution (DS) of Novel Hemicellulosic
Derivatives. Carbamoylethyl groups and carboxyethyl groups
were grafted onto hemicelluloses, and their structures and
substitutions could be characterized by 1H NMR and 13C NMR.
The total DS can be determined from the peak area of protons
of methylene that connect to carbamoylethyl groups and
carboxyethyl groups and the protons of xylose unit. The ratio
of carbamoylethyl groups to carboxyethyl groups could be
determined by the peak intensity of 13C NMR spectra for the
two carbonyl peaks that connect to carbamoylethyl groups and
carboxyethyl groups. The reaction degree could be evaluated
from the relative ratio of carbamoylethyl groups to carboxyethyl
groups. To reduce the side reaction happening and allow the
main reaction to continue smoothly, this reaction was performed
at room temperature for 12 h. Table 1 shows the extent of the
chemical modification expressed as degree of substitution when
the reaction was carried out in different reaction media without
changing the parameters of the molar ratio of sodium hydroxide
to xylose unit in hemicelluloses (0.8) and the molar ratio of

acrylamide to xylose unit in hemicelluloses (4.0). Five samples
obtained in different media such as alkaline aqueous solution,
ethanol, isopropanol, ethanol/acetone, and DMF were performed.
Clearly, when the isopropanol was used as reaction medium, a
higher DS (total DS ) 0.39) of novel hemicellulosic derivatives
could be obtained, whereas products prepared in DMF medium
had a lower DS (total DS ) 0.04). The role of the solvent in
this etherification reaction is to provide miscibility and access-
ibility of the etherifying reagent to the reaction centers of
hemicellulose chains (24). The differences in the extent of this
etherification can be explained by taking into consideration their
solvent polarities and stereochemistries. The reaction efficiency
increases as the polarity of the solvent decreases. The results
obtained are in good agreement with the literature (25).
Therefore, isopropanol was naturally the best choice.

To increase the DS value of novel hemicellulosic derivatives,
the reaction of wheat straw hemicelluloses with acrylamide was
conducted under various amounts of sodium hydroxide and
acrylamide at room temperature for 12 h. These results are
shown in Table 2. As is well-known, this reaction is a Michael
addition reaction. Sodium hydroxide acts as a catalyst in this
reaction, so the function of the catalyst becomes very important.
The results of the influence of the molar ratio of sodium
hydroxide to xylose unit in hemicelluloses on DS of products
is shown from sample 6 to sample 9 and sample 3 in Tables 1
and 2. As the molar ratio of sodium hydroxide to xylose units
in hemicelluloses increases from 0.5 to 1.6, the total DS first
increased from 0.18 (sample 6) to 0.39 (sample 3) and then
decreased to 0.35 (sample 9), whereas the relative ratio of
carbamoylethyl groups to carboxyethyl groups increased from
2.53 (sample 6) to 3.12 (sample 7) and then decreased to 0.80
(sample 9) with an increase in the molar ratio of sodium
hydroxide to xylose unit in hemicelluloses. This could be
explained by sodium hydroxide making the reaction rate rise,
whereas a greater amount of sodium hydroxide resulted in the
products being saponified. Therefore, the DS of carboxyethyl
groups increased with an increment in the molar ratio of NaOH
to xylose unit in hemicelluloses. Therefore, the better reaction
environment of the molar ratio of NaOH to xylose unit in
hemicelluloses of 1.0 created the resulting product with a total
DS of 0.38 and with a carboxyethyl/carboxyethyl ratio of 3.12.

As shown in Table 2, the acrylamide parameter study was
carried out in six different molar ratios of acrylamide to xylose
unit in hemicelluloses (samples 3 and 10-14). Clearly, increas-
ing the molar ratio of acrylamide to xylose unit in hemicelluloses
from 1.0 to 10.0 resulted in a significant increment of this
reaction efficiency as shown by the increase in total DS from
0.12 (sample 10) to 0.58 (sample 14). This could be interpreted
in terms of greater availability of acrylamide molecules in the
proximity of the hemicellulose molecules at higher concentration
of the etherifying reagents. Furthermore, changing the reaction
parameter of the molar ratio of acrylamide to xylose unit in
hemicelluloses from 1.0 to 10.0 first significantly increased the
ratio of carbamoylethyl groups to carboxyethyl groups from 1.03
to 3.12 and then decreased the ratio slightly to 2.50, which
indicated the degree of saponification.

FT-IR Spectra. The effect of chemical modification on the
structure of the hemicelluloses was also demonstrated by FT-
IR in the region of 400-4000 cm-1. Figure 2 illustrates FT-
IR spectra of hemicelluloses (spectrum 1) and novel hemicel-
luosic derivative sample 3 (spectrum 2) prepared at room
temperature for 12 h. For unmodified hemicelluloses, the
absorptions at 1610, 1461, 1404, 1249, 1160, 1077, 1041, and
892 cm-1 seen in spectrum 1 are indicative of the native

Figure 1. Etherification of hemicelluloses with acrylamide in alkaline
condition.
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hemicelluloses. A sharp band at 895 cm-1 is assigned to
�-glucosidic linkages between the sugar units, indicating that
the xylose residues forming the backbone of the macromolecule
are linked by �-form bonds. The prominent absorption at 1041
cm-1 originates from C-O contributions in glycosidic linkages.
The intense band at 1610 cm-1 is due to the absorbed water. A
strong broadband belonging to hydrogen-bonded hydroxyls
occurs at 3414 cm-1, and a symmetric C-H vibration band is
at 2919 cm-1 (22). Obviously, the presence of a few new bands
occurs in spectrum 2 compared with spectrum 1 in Figure 2.
Two peaks at 1590 and 1408 cm-1 are observed due to the
asymmetrical and symmetrical stretching of sCOO- groups
(26), respectively. The peak at 1669 cm-1 for the derivates
represents amide I (CdO stretching) bands, respectively. The
peaks at 1669, 1590, and 1408 cm-1 indicate that the hemicel-
lulosic derivatives contained carbamoylethyl and carboxyethyl
groups. In addition, the bands between 3100 and 3500 cm-1

for the novel hemicellulosic derivatives are ascribable to the
stretching vibration of OH and NH2 groups, which became
stronger than the bands of the stretching vibration of OH groups
of the native hemicelluloses in spectrum 1. This suggested that
strong inter- and intramolecular hydrogen bonds formed in the
derivatives. Therefore, it is clearly shown that the appearance
of the new bands indicates that the carbamoylethyl groups and
carboxyethylgroupsweregraftedonthebackboneofhemicelluloses.

Figure 3 illustrates the FT-IR spectra of novel hemicellulsoic
derivatives sample 6 (spectrum 1), sample 8 (spectrum 2), and
sample 9 (spectrum 3). The similar spectral profiles indicate
similar structures of the derivatives. However, on close examin-
ation of the spectra, some small differences were clearly
identified. Comparison of the relative intensities at 1573 and
1669 cm-1 shows that the intensity at 1669 cm-1 apparently
increased from spectrum 1 (sample 6, DS carbamoylethyl groups
of 0.13) to spectrum 2 (sample 8, DS carbamoylethyl groups
of 0.21) and then decreased from spectrum 2 to spectrum 3
(sample 9, DS carbamoylethyl groups of 0.16) and that the
intensity at 1573 cm-1 increased from spectrum 1 (sample 6,
DS carboxyethyl groups of 0.051) to spectrum 2 (sample 8, DS

carboxyethyl groups of 0.14) and to spectrum 3 (sample 9, DS
carboxyethyl groups of 0.20). These correspond to the results
of DS of novel hemicellulosic derivatives.

The effect of the molar ratio of acrylamide to xylose unit in
hemicelluloses on the DS was investigated by the peak intensity
of hemicellulosic derivatives, and their spectra are given in
Figure 4. The intensities at 1669 and 1580 cm-1 obviously
increased from spectrum 1 (sample 10) to spectrum 2 (sample
11) and to spectrum 3 (sample 13), corresponding to the increase
of total DS from 0.12 to 0.23 and 0.50, the increase of DS
carbamoylethyl groups from 0.063 to 0.12 and 0.36, and the
increase of DS carboxyethyl groups from 0.061 to 0.11 and 0.14,
respectively. Moreover, a broad absorption band around
3100-3500 cm-1 for the derivatives is ascribable to the
stretching frequency of the sOH and sNH2 groups, the
intensities of which increased from spectrum 1 to spectrum 2
and spectrum 3, which indicated that more inter- and intramol-
ecular hydrogen bonds formed in the derivatives.

1H NMR and 13C NMR Spectra. Figure 5 shows the 1H
NMR spectrum of the native hemicelluloses. The chemical shifts
of 3.2-4.4 ppm arise from the equatorial proton and other
protons of anhydroxylose units of hemicelluloses. The methyl
protons of a few acetyl groups exhibit peaks at 1.8 ppm.
Anomeric protons of terminal R-D-arabinofuranosyl residues
give a shoulder at 5.2 ppm (27) A strong signal at 4.7 ppm
originates from the residual solvent (HDO).

Figure 6 shows 1H NMR spectra of the water-soluble
hemicellulosic derivatives in D2O at 25 °C. The peaks from
2.2 to 2.6 ppm are assigned to protons of methylene that connect
to carboxyethyl (H7′) and carbamoylethyl (H-7) groups, whereas
the broad peaks from 2.8 to 4.5 ppm are attributed to another
methylene (H-6, H-6′) of the substituents and all protons of
hemicellulosic skeleton. The chemical shift of the protons of
acylamino and carboxyl groups usually lay at 7-12 ppm, which
cannot be observed for their high activity. Clearly, the intensity
of the peak at 2.2-2.6 ppm became stronger from curve 1 to
curve 2 and curve 3 with increasing total DS from 0.12 (sample
10) to 0.23 (sample 11) and 0.50 (sample 13).

Figure 2. FT-IR spectra of hemicelluloses (spectrum 1) and modified hemicelluloses (spectrum 2, sample 9).
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The 13C NMR spectra of native hemicelluloses and novel
hemicellulosic derivative sample 13 (total DS ) 0.50) are shown
in Figure 7. Figure 7a illustrates five major signals at 101.6, 76.2,
73.6, 72.6, and 62.9 ppm, which are attributed to the C-1, C-4,
C-3, C-2, and C-5 positions of the �-D-Xylp units (28). The
presence of arabinose was detected by the presence of characteristic
signals at 108.4 (C-1), 84.5 (C-4), 80.7 (C-2), 77.2 (C-3), and 61.2
(C-5) ppm. The 13C NMR measurements confirmed that the
monomeric side chains of the L-arabinofuranosyl residues are linked
to C-3 of the backbone xylan. Two signals at 71.1 and 68.4 ppm

represent C-4 and C-2 of galactose residue in the xylan, and a 57.4
ppm signal is characteristic of the methoxyl group of a 4-O-methyl-
D-glucuronic acid residue in the xylan. Acetyl CH3 in xylan gives
a signal at 23.2 ppm. This revealed that the wheat straw hemicel-
luloses are composed mainly of L-arabino-(4-O-methyl-D-glucu-
rono)-D-xylan (28). The presence of quantities of associated lignin
was identified by one weak signal at 181.5 ppm, which originates
from the carbonyl group in the associated lignin.

Evidently, as compared to the spectrum of unmodified
hemicelluloses in Figure 7a, strong signals assigned to meth-

Figure 3. FT-IR spectra of modified hemicellulose sample 6 (spectrum 1), sample 8 (spectrum 2), and sample 9 (spectrum 3).

Figure 4. FT-IR spectra of modified hemicellulose sample 10 (spectrum 1), sample 11 (spectrum 2), and sample 13 (spectrum 3).
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ylene peaks that connect to carbamoylethyl groups (C-7) and
carboxyethyl groups (C-7′) of the substituent can be seen
between 34 and 40 ppm (29) in Figure 7b. The carbon signal
of carbonyl groups in carbamoylethyl groups (C-8) and car-
boxyethyl groups (C-8′) at 175-182 ppm revealed the presence

of carbamoylethyl and carboxyethyl groups and the occurrence
of etherification in sample 13. Interestingly, the spectrum was
very similar in the carbohydrate region (60-110 ppm) as
compared to the spectrum of Figure 7a of native hemicelluloses,
namely, C-1 (101.6 ppm), C-4 (76.3 ppm), C-3 (73.6 ppm),

Figure 5. 1H NMR spectrum of native hemicelluloses in D2O at 25 °C.

Figure 6. 1H NMR spectra of hemicellulosic derivatives sample 10 (spectrum 1), sample 11 (spectrum 2), and sample 13 (spectrum c) in D2O at 25 °C.
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C-2 (73.1 ppm), and C-5 (62.8 ppm) of xylan, indicating that
the structure of the hemicellulose polymers did not significantly
degrade in the alkaline condition given.

Thermal Analysis. Thermal analysis is convenient and
reproducible and a useful method for characterizing heteroge-
neous organic material. In particular, it is a valuable analytical
method to investigate the physicochemical properties of mac-
romolecules such as hemicelluloses (30). Thermal degradability
is affected by the chemical composition of the material. Figure
8 shows typical TGA/DTA curves of novel hemicellulosic

derivative sample 8 and unmodified hemicelluloses. From the
analysis of thermogravimetric curves it can be observed that
there was a very slight mass loss to temperatures of 228 and
223 °C for native hemicelluloses and modified hemicellulose
sample 8, respectively. Beyond these temperatures, there was a
sharp weight loss. At 50% weight loss, the decomposition
temperatures occurred at 303 and 312 °C for modified hemi-
cellulose sample 8 and native hemicellulose, respectively. The
decreasing trends of decomposition temperature implied that
the thermal stability of hemicelluloses decreased after chemical

Figure 7. 13C NMR spectrum of native hemicelluloses (a) and modified hemicellulose sample 13 (b) in D2O at 25 °C.

Figure 8. TGA/DTA curves of native hemicelluloses and modified hemicellulose sample 8.
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modification. It was explained that acylamino groups were not
stable at high temperature and more hydrogen bonds in
macromolecules were destroyed during chemical modification.
DTA was used to investigate the transitions of the polymers as
affected by modification. As depicted in Figure 8, the exother-
mic peaks, which represent heat released from both native
hemicelluloses and reaction product, were observed at 289 and
404 °C for native hemicelluloses and at 274, 300, and 378 °C
for modified hemicelluloses, which indicated again that the
thermal stability of modified hemicelluloses decreased.

In summary, the development of an etherification reaction
of hemicelluloses makes feasible the use of acrylamide as
etherifying agent and sodium hydroxide as catalyst. On the basis
of the Michael addition and the saponification of acylamino
groups to carboxyl groups in alkaline condition, novel hemi-
cellulosic derivatives containing carbamoylethyl and carboxy-
ethyl groups were heterogeneously synthesized in alkaline
conditions. Hemicellulosic derivatives with total DS values of
0.12-0.58 were obtained by varying the reaction parameters.
The total DS of hemicellulosic derivatives significantly increased
with an increase in the amount of acrylamide. The thermal
stability of the resulting products decreased after chemical
modification. The products could be used as wet end additives
and flocculants in papermaking and sewage treatment plants.
Certainly, much more work is needed on the effects of
substituent distribution on the properties of the resulting products
such as viscosity behavior, solubility in water, and zeta potential
in distilled water.
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