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SYNOPSIS 

The physicochemical properties of wool fibers chemically modified with itaconic anhydride 
in dimethylformamide were analyzed by DSC, TMA, and TGA and on the basis of mea- 
surements of the tensile characteristics. The acyl content in wool fiber increased even a t  
the comparatively low reaction temperature (65°C) compared with that in silk fiber; this 
fact was due to the larger number of reactive sites in the wool than in silk such as basic 
amino acid residues. On the basis of DSC, TMA, and TGA analyses, the high thermostability 
of the modified wool fiber was evident. The molecular orientation, evaluated from the 
birefringence measurement, decreased slightly after the modification; however, tensile 
properties and surface characteristics of the wool fiber were not damaged. 0 1992 John Wiley 
& Sons, Inc. 

INTRODUCTION 

The most striking characteristics of wool fibers are 
the excellent elasticity, moisture absorption, and 
dyeability due to their special primary chemical 
structure. In addition, they have good bulkiness at- 
tributed to the morphological structure, whereas 
wool fibers show some problems during the drying 
process of the wet fiber. In fact, the length of the 
fibers has bent to a contraction due to a low stability 
of the structure in the direction of fibrous axis. 
Therefore, chemical modification of the wool, useful 
tools to improve the setting, microbiological resis- 
tance,' and physicomechanical stability, would be 
very important for a more wide utilization of the 
fiber. If the chemical modifications do not damage 
the original tensile and hydrophilic characteristics, 
they would give new properties to the wool fiber (e.g., 
washing and wearing properties) and improve its 
thermal stability. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 46, 1477-1483 (1992) 
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Considerable interest has developed in the struc- 
tural and morphological modification of wool fiber 
using reactive chemicals such as dibasic acid 
anhydrides3 and ep~xides .~  Recently, we3 also dem- 
onstrated that the mechanical properties of wool fi- 
ber were not changed even after the modification 
with dibasic acid anhydrides. In addition, our recent 
paper3 shows that the succinylation onto the silk 
makes it easier to form free carboxyl groups while 
the ester cross-links are easily formed much more 
by the glutarylation than by the succinylation. 

An interesting approach to the improvement of 
mechanical and morphological properties of natural 
fibers is the use of reactive epoxides and dibasic acid 
anhydrides. Bifunctional epoxides are generally 
more reactive than are monofunctional epoxides 
toward animal protein fiber such as wool and silk 
fibroin. If the agents have unsaturated groups, the 
treatment would be more effective toward the im- 
provement of structure and properties. The aim of 
the present work is to modify wool fiber with itaconic 
anhydride, a reagent with a vinyl group in its mol- 
ecules; this is a new approach in the chemical mod- 
ification of wool. 
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In this article, we describe the physicochemical 
properties of wool fiber after the chemical modifi- 
cation with itaconic anhydride. 

EXPERIMENTAL 

Materials 

Wool fiber (2/48s) was cleaned by an acetonel 
ethanol mixture system in a Soxhlet extractor for 
12 h, then rinsed in distilled water, dried to constant 
weight, and conditioned in air a t  room temperature. 

Samples of known weight (about 1 g)  were dried 
at 105°C for 2 h before treatment. Treatment in 
dimethylformamide (DMF) containing 10% itaconic 
anhydride was carried out at 65°C for different pe- 
riods of time. Reagent-grade itaconic anhydride 
(MW = 112.08) (l), purchased from Wako Pure 
Chemical Industries, Ltd., was used without further 
purification: 

R0 

\O 

CH,-C 

1 )  
CH,=C--C 

Samples treated in DMF without itaconic anhydride 
were also prepared. The control and modified sam- 
ples were washed three times with DMF, three times 
with methanol, and five times with deionized water, 
then dried under the standard condition of 65% RH 
and 20°C and reweighted. Untreated sample before 
acetone/ethanol extraction was also used. 

Measurements 

The differential scanning calorimetry (DSC) mea- 
surement was carried out as described in a previous 
paper.5 The thermomechanical analysis (TMA) was 
obtained on a Rigaku Denki instrument a t  a heating 
rate of 10"C/min. TMA full scale and initial force 
applied to the wool fiber were k500 pm and 1 g, 
respectively. 

Thermogravimetric analyses ( TGA) were run 
under nitrogen on a Rigaku Denki thermogravi- 
metric thermoflex system, raised at 10"C/min to 
390°C. Sample weight and TGA full scale was 6 and 
5 mg, respectively. All the measurements were re- 
peated for reproducibility. 

The surface of the treated samples was examined 
under a JEOL JAX-333s scanning electron micro- 
scope after gold coating. 

The refractive indices parallel to the fiber axis, 
n,, , and that perpendicular to the fiber axis, n,, were 
measured with Becke's line (Na light) at 20°C and 
65% RH according to the method reported in a pre- 
vious paper.'j 

The fibers were tested on an Instron tensile tester 
( Toyo Baldwin Co., UTM-11) . In all tests, the fibers 
were extended at a constant rate of 10% /min. Tem- 
perature and humidity were maintained at 20°C and 
65% RH, respectively. Each value is the average of 
25 test results. 

The moisture regain was determined by measur- 
ing the weight of samples kept at 20°C and 65% RH 
for 7 days and the weight of the dried sample at 
105°C for 2 h, then was expressed as g moisture/ 
100 g wool fiber. 

RESULTS AND DISCUSSION 

Reactivity of ltaconic Anhydride 
Table I summarizes the effect of the reaction time 
on the weight gains and acyl contents by treating 
with itaconic anhydride at 65°C in DMF. By in- 
creasing the reaction time, the values of weight gain 
and acyl content increased in the very beginning of 
the reaction, whereas their values increased very 
slowly after 3 h. It was clearly shown that the 
amount of acyl group, introduced onto wool fiber 
during the reaction with itaconic anhydride at 65"C, 
was much higher than that onto silk fiber treated 
in DMA at 75°C.5 These results suggest that the 
itaconic anhydrides can react easily with the reactive 
sites of the amino acid residues of the wool fiber 
compared with those of silk fiber. 

It is of particular interest to note that the acyl- 
ation of wool fiber with itaconic anhydride proceeded 
at a comparatively low temperature compared with 
the silk fiber. It should be due to the large number 
of reactive sities of wool fiber toward itaconic an- 
hydride, i.e., basic amino acid residues such as Lys, 
Arg, and Hist. In fact, our recent study showed that 

Table I Weight Gain Acyl Content of the Wool 
Fiber Treated in DMF Solution Containing 10% 
(w/v) Itaconic Anhydride at 65°C as the Function 
of the Reaction Time, with the Material-to-Liquor 
Ratio of 1:20 Maintained 

Reaction Time Weight Gain Acyl Content 
(h) (96)  (mo1/105 g) 

1 
2 
4 

9.9 
14.0 
17.4 

76.7 
108.5 
134.9 
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the amount of these reactive amino acid residues in 
wool fiber and in silk fiber (unpublished data) is 111 
and 13 mol %, respectively. 

To evaluate the reactivity of wool fiber toward 
itaconic anhydride, we determined the amino acid 
composition of the modified wool fibers with differ- 
ent values of weight gain (Table 11) .  The amount 
of basic and oxy amino acid residues, which are the 
reactive sities in the wool fiber, remained almost 
unchanged even after the chemical modification, 
suggesting that the ester bond once formed was bro- 
ken during acid hydrolysis. The reactive mechanism 
of itaconic anhydride toward wool fibers presents a 
similality to that of dibasic acid anhydride such as 
succinic and glutaric a n h ~ d r i d e , ~ ' ~  as is obvious from 
Table 11. I t  is therefore confidently expected that 
the cationic dye uptake for the treated wool fiber 
increases significantly, whereas the anionic dye up- 
take decreases considerably because of the repulsion 
between the anionic dye and the acidic carboxyl 
groups that were introduced in the wool fiber by the 
chemical modification. 

DSC Thermograms 

The DSC curves for the wool fibers modified are 
shown in Figure 1. Control sample ( a )  showed a 

Table I1 Amino Acid Composition (Mol %) of 
Wool Fibers that Are Chemically Modified with 
Itaconic Anhydride with Different Amounts of 
Weight Gain 

Control Wool" Woolb 

ASP 
Thr 
Ser 
G lu 
GlY 
Ala 
Val 
CYS 
Met 
Ile 
Leu 
TYr 
Phe 
O m  
LYS 
His 
-4% 
Pro 

6.42 
6.46 

11.16 
12.21 
9.37 
5.75 
6.23 
5.38 
0.53 
3.40 
8.20 
3.94 
2.95 

Trace 
3.00 
0.80 
7.34 
6.80 

6.46 
6.42 

10.87 
12.33 
9.31 
5.81 
6.44 
5.61 
0.50 
3.51 
8.18 
3.57 
2.97 
0.062 
2.89 
0.63 
7.18 
7.23 

6.45 
6.41 

10.87 
12.33 
9.38 
5.88 
6.46 
5.64 
0.55 
3.49 
8.21 
3.77 
3.00 
0.079 
2.76 
0.59 
6.80 
7.30 

a Modified wool fiber with weight gain of 9.9%. 
Modified wool fiber with weight gain of 17.4%. 
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Figure 1 DSC curves of control wool (a )  and modified 
wool fibers with itaconic anhydride with different amounts 
of weight gain. Weight gain (%) :  ( b )  9.9; ( c )  14.0; (d)  
17.4. 

shoulder-form endothermic peak at 232°C with a 
broad endothermic peak in the higher temperature 
range from 230 to 270°C and then the DSC curve 
shifted toward to the exothermic reaction. The en- 
dothermic peaks at about 220°C and at  250-270°C 
are attributed to the melting of the a-helix structure 
and of the &structure of the microfibrils and matrix 
protein,? respectively. The endothermic peak that 
appeared at  232°C for the control sample became 
broad and shifted to higher temperature (248- 
250°C) for the modified wool samples [Fig. 1 ( b )  - 
( d )  1. These thermal behaviors suggest the greater 
thermal stability of the wool fiber treated with ita- 
conic anhydride. In addition, the DSC curves of wool 
fiber with a weight gain of 9.9% was similar in form 
to that for the sample with a weight gain of 17.4%, 
implying that no significant changes in thermal be- 
havior can be detected in the weight gain range from 
9.9 to 17.4%. 

TMA Curves 

To define the thermomechanical properties in a 
heating process, TMA curves for the modified sam- 
ples were obtained (Fig. 2 ) .  Untreated ( a )  and con- 
trol sample ( b )  exhibited the gradual extension of 
about 1% in the temperature range of 50-230°C. 
Beyond this temperature range, a maximum con- 
traction peak was observed on the TMA curves of 
control fiber (b)  at 240-243°C and a slightly higher 
peak compared to the temperature of the endo- 
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Figure 2 TMA curves of ( a )  untreated, ( b )  control, 
and wool fibers modified with itaconic anhydride with dif- 
ferent amounts of weight gain. Weight gain (%) :  ( c )  9.9; 
(d )  14.0; ( e )  17.4. 

thermic peak appeared on DSC curves of the cor- 
responding sample [Fig. 1 ( a )  1. On the other hand, 
the contraction peak of the wool fibers [Fig. 1 ( c )  - 
( e )  ] modified with itaconic anhydride occurred 
consistently at 10°C higher than the peak temper- 
ature of the control [ Fig. 1 ( b )  ]. These results were 
in agreement with the results of DSC measurements 
(Fig. 1). In addition to the shifting of the contraction 

peak to higher temperature, the contraction peak 
became intense by the chemical modification. 

Viscoelasticity 
Figure 3 shows the behavior of the dynamic storage 
( E ' )  and loss ( E " )  modulus curves of wool fibers in 
the temperature range of 25-250°C. The two major 
changes in the E' value are apparent: one slightly 
increasing beginning in the temperature range of 
25-100°C and the other decreasing beginning above 
208°C for the wool fibers with a lower value of weight 
gain. The position corresponding to the start posi- 
tion of the E' decrease shifted toward lower tem- 
perature when the weight gain increased. On the 
other hand, the E" value of the wool fiber with a low 
value of weight gain began to increase at above 
200°C. The broad loss modulus ( E " )  peak appeared 
at about 235°C for the wool specimen with a lower 
value of weight gain. However, the position of the 
E" peak shifted toward to lower temperature when 
the weight gain increased. These results imply that 
the thermal molecular movement corresponding to 
the increase of the E" value occurred at relatively 
low temperature at about 200°C when the weight 
gain increased. Therefore, the thermal movement 
of the wool keratin molecules is accelerated by the 
thermal movement of the itaconic anhydride com- 
bined to the wool keratin molecules. 

Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis curves for wool fiber 
and modified wool fiber are shown in Figure 4. It is 
obvious that two major weight changes occurred, one 
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Figure 3 Dynamic storage ( E ' )  and loss ( E " )  modulus curves of ( 0 )  control and wool 
fibers modified with itaconic anhydride with different amounts of weight gain. Weight gain 
(%) :  ( W )  9.9; (0) 17.4. 
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Figure 4 
with itaconic anhydride with weight gain of 17.4%. For points I and 11, see the text. 

Thermogravimetric analysis curves of control (0) and modified wool fibers (B) 

beginning at  7O-10O0C, which corresponds to the 
evaporation of absorbed water, and the other begin- 
ning at  about 160-2OO0C, which corresponds to 
thermal decomposition. In a nitrogen atmosphere, 
the control fiber exhibited a slight weight loss be- 
ginning at  ca. 195°C (point I )  and then a more dras- 
tic weight loss a t  above 220°C (point 11). On the 
other hand, modified wool fiber, with a weight gain 
of 17.4%, showed the former and latter weight loss 
a t  240 and 245"C, respectively. These findings sug- 
gest that the modified wool fiber has a high ther- 
mostability. 

Tensile Properties 

Some details of the mechanical properties and 
moisture regain of the wool fiber modified with ita- 
conic anhydride are listed in Table 111. It is relevant 
to note that these authors have not normalized ten- 
sile strength and thus a comparison was difficult as 
wool fiber weight changes by chemical modification. 
However, it is quite possible to compare the tensile 
properties as qualitative measurements. It can be 
seen that the mechanical properties of the wool fiber 
modified with itaconic anhydride remained un- 
changed compared with that of the control sample. 
Therefore, the results obtained indicate that the 
original properties inherent in wool fiber are not 
damaged even after the modification with itaconic 
anhydride, which is the same behavior as for the 
modification of silk with dibasic acid anhydride" 

Surface Characteristics 

The surface characteristics of the wool fiber modified 
with itaconic anhydride were investigated by scan- 
ning electron microscopy (SEM). Figure 5 shows 
the SEM micrographs of the wool fibers before and 
after modification with itaconic anhydride. The wool 
fiber modified with itaconic anhydride showed the 
typical feature of the scale as that of the control 
sample. It is suggested that the itaconic anhydride 
did not damage the surface characteristics of the 
original wool fiber. 

Table I11 
Regain of the Wool Fibers Treated with 
Itaconic Anhydride (2148 s) with 
Different Amounts of Weight Gain 

Physical Properties and Moisture 

Strength Elongation Moisture Regain 
Sample (g) (%) (%) 

Control 351 35.3 14.5 
Untreated 358 36.1 13.2 
Modified 

WG" 9.9% 354 35.3 9.1 
WG 14.0% 400 39.0 9.6 
WG 17.4% 366 38.9 10.0 

Sample length 50 mm; chart speed 300 mm/min; drawing speed 
20 mm/min. Full scale 500 g. Moisture gain was expressed in 
terms of g moisture/100 g wool fiber. 

a Weight gain (%). 
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Figure 5 
with itaconic anhydride with weight gain of 17.4%. 

Scanning electron micrographs of ( A )  control and (B)  modified wool fibers 

Molecular Orientation 

We determined the birefringence ( A n )  and isotropic 
refractive index ( qso) of the wool fiber modified with 
itaconic anhydride (Table IV)  . Table IV shows the 
refractive index of the wool fiber in relation to the 
different weight gains. As the weight gain increased, 
the An value and the isotropic refractive index 
slightly decreased and exhibited the tendency to 
saturate when the weight gain reached above 14%. 
Since the birefringence and the isotropic refractive 
index are a measure of the molecular orientation 
and crystallinity, respectively, it is evident that the 
molecular orientation slightly decreased after mod- 
ification with itaconic anhydride. 

Table IV Refractive Index of the Wool Fibers 
Treated in DMF Solution Contained 10% (w/v) 
Itaconic Anhydride at 65°C with Different 
Amounts of Weight Gain 

Sample n" n' Ana nisob 

Control 1.560 1.550 0.010 1.559 
Untreated 1.559 1.550 0.009 1.553 
Modified 

WG 9.8% 1.561 1.552 0.009 1.555 
WG 14.0% 1.560 1.552 0.008 1.555 
WG 17.4% 1.560 1.552 0.008 1.555 

a Birefringence. 
Isotropic refractive index. 
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Figure 6 
itaconic anhydride with weight gain of 17.4%. 

X-ray diffraction patterns of ( A )  control and ( B )  modified wool fibers with 

Crystalline Structure 

X-ray diffraction photographs of wool fiber are pre- 
sented in Figure 6. The wool fiber shows the broad 
diffraction pattern oriented toward the equator and 
the Deby-Schemer ring corresponding to a spacing 
of 9.72 and 4.58 A, respectively, which are charac- 
teristic of the p pattern of wool fiber.8 The X-ray 
diffraction of wool fiber stayed unchanged even after 
chemical modification with itaconic anhydride, sug- 
gesting that the itaconic anhydride did not break 
the crystalline structure of the wool fiber. 

I t  is obvious that the tensile and morphological 
properties as well as TMA characteristic of modified 
wool are not damaged; nevertheless, the TGA mea- 
surements are in agreement with the DSC results, 
demonstrating that modified wool fiber is more re- 
sistant to decomposition compared with the control 
fiber. 

This research was partly supported by a special coordi- 
nation fund for promoting science and technology (SCF) 

in the basic research core system by the Science and 
Technology Agency (STA). 
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