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ABSTRACT: Chitosan fibers were treated with chloroace-
tic acid to prepare partially substituted carboxymethyl chi-
tosan fibers. Fibers with different levels of carboxymethyla-
tion were prepared by controlling the ratio between the fiber
and the amount of chloroacetic acid. The absorption prop-
erties of the modified fibers for Cu(Il) ions were studied at
different concentrations, temperature, time, and pH. Results

showed that the carboxymethylated chitosan fibers were
more effective than the original chitosan fibers in removing
Cu(II) ions from aqueous solutions. © 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 99: 3110-3115, 2006
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INTRODUCTION

Chitosan fibers can be produced by extruding its so-
lution in dilute aqueous acidic solvents into aqueous
alkali bath. After many years of research and devel-
opment, these fibers are now commercially used in the
production of wound dressings and apparel textiles,
in the later case, commonly used as a minor compo-
nent blended with other mainstream fibers.! In these
applications, chitosan fibers are known for its antimi-
crobial properties, biocompatibility, nontoxicity, and
its ability to promote wound healing. In addition,
chitosan fibers also have excellent chelating abilities
and can be used to absorb heavy metal ions from
waste water.>”

In recent years, there have been many attempts to
improve the properties of chitosan fibers by chemical
modification of the fiber structure. Zheng et al.* made
fibers from blends of chitosan and poly(vinyl alcohol)
(PVA). Results showed that the water-retention prop-
erties and mechanical properties of the blend fibers
increase due to the presence of PVA in the chitosan
substract. At a PVA concentration of 20%, the water-
retention values of the blend fibers were 241% as
compared to 120% for the original fiber. Min and Kim®
made fibers from a mixture of PAN and chitosan. The
resultant fiber showed a porous and fibrillar structure,
which showed a much higher amount of uptake for
acid dye than that of either powdery chitosan or acti-
vated carbon. Shih et al.° noted that when polyure-
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thane was mixed with chitosan, the resultant poly-
meric adsorbent possessed a better adsorbing ability
than chitosan by itself. Li et al.” blended carboxym-
ethylated chitosan into the spinning solution for vis-
cose rayon fibers. When these highly absorbent micro-
particles with mean size ranging from 0.1 to 0.5 um
are dispersed in the viscose fibers, the product has a
good ability to retain moisture.

Since chitosan has free amine groups in its chemical
structure, the properties of the chitosan fibers can be
modified by attaching functional groups to the amine
groups. Since carboxymethyl groups have very good
water holding properties and good chelating abilities,
improved water holding abilities and chelating prop-
erties can be obtained by treating the fiber with chlo-
roacetic acid. When partially carboxymethylated, the
fibers can have a high degree of absorbency and che-
lating ability while retaining the fibrous structure.

This work studied the process to convert chitosan
fibers into partially carboxymethylated fibers, and as-
sessed the absorption and chelating properties of the
resultant fibers.

EXPERIMENTAL

The chitosan fibers used in this study has a degree of
deacetylation of 97.9%, as measured by elemental
analysis. The preparation procedures for these fibers
are similar to those used for an earlier study.®’

For the treatment of chitosan fibers with chloroace-
tic acid, 14.690 g of chloroacetic acid was first dis-
solved in 250 mL i-propanol. Separately, 5303 g
NaOH was dissolved in 50 mL distilled water. When
studying the effect of temperature, 10 mL of the chlo-
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TABLE 1
Effect of Treatment Temperature on the Carboxymethylation of Chitosan Fibers

Amount of Amount of chloroacetic Amount of NaOH Gel swelling ratio
Temperature (°C) fiber (g) acid solution (mL) solution (mL) (W, /W,)
Room temperature 1.005 10 5 236 £ 0.11
40 1.004 10 5 2.60 +0.15
50 1.003 10 5 3.10 = 0.12
60 1.004 10 5 433 x0.21
70 1.009 10 5 6.04 = 0.35

roacetic acid solution was first measured into a 50 mL
conical flask and mixed with 1 g fiber. After condi-
tioning at the respective temperatures for 10 min, 5
mL of the NaOH solution was added into the mixture
and the reaction was continued for 2 h. The fibers were
then separated from the solution and washed with
50/50 acetone/water mixture for three times before
being washed with pure acetone, and dried at 60°C in
an oven. Detailed treatment conditions can be seen in
Table L.

In studying the effect of time, 10 mL of the chloro-
acetic acid solution was mixed with 1 g chitosan fibers,
and after conditioning at 65°C for 10 min, 5 mL of the
NaOH solution was added into the mixture and the
reaction was continued for different periods of time as
described in Table II. The fibers were then separated
from the solution and washed with 50/50 acetone/
water mixture for three times before being washed
with pure acetone, and dried at 60°C in an oven.
Detailed treatment conditions can be seen in Table II.

In studying the effect of carboxymethylation treat-
ment on the properties of the chitosan fibers, four
samples with different degrees of carboxymethylation
were first prepared by using different amount of chlo-
roacetic acid. Chloroacetic acid (0, 5, 10, and 15 g) was
first dissolved in four conical flasks containing 250 mL
i-propanol. The solution was conditioned at 65°C be-
fore 25 g of chitosan fibers was added into each solu-
tion. After 10 min, 125 mL of 100 g/L aqueous NaOH
solutions were added into the solution and the reac-
tion was continued for 2 h. Afterwards, the fibers were
separated from the solution and washed with 50/50
acetone/water mixture for three times before being

washed with pure acetone and dried at 60°C in an
oven. Detailed treatment conditions can be seen in
Table III.

The degree of carboxymethylation can be analyzed
by using elemental analysis. Since the chemical for-
mula for chitosan is C(NO4H;; and that of sodium
carboxymethyl chitosan is CsNOgH;,Na, the ratio be-
tween N/C contents can be used to calculate the de-
gree of substitution. Assuming X% of the amine
groups are carboxymethylated, then

r=N/C=N/[6C(1 - X%)
+ 8CX%] = N/[6C + 2CX%]

X% = (N/r — 6C)/2C
— (14.007/
r — 72.066)/24.022

The absorption properties of the chitosan fibers were
measured by placing 0.2 g fiber in 100 mL of distilled
water. After 1 h, the fibers were separated with the
contacting solution and placed in a centrifuge tube,
with the bottom half filled with knitted viscose rayon
fabric to contain the spin off solution. The centrifuge
was carried out at 1200 rpm for 15 min to remove the
loose water held between fibers. After that, the wet
fiber (W;) was dried at 105°C to a constant weight
(W,). The gel swelling ratio is expressed as the ratio
between the weight of the wet sample and that of the
dry sample, i.e., W;/W,.

TABLE 1I
Effect of Treatment Time on the Carboxymethylation of Chitosan Fibers

Amount of Amount of chloroacetic Amount of NaOH Gel swelling ratio

Time fiber (g) acid solution (mL) solution (mL) (W, /W,)

15 min 1.006 10 5 213+0.12

30 min 1.005 10 5 238 +0.14
1h 1.009 10 5 3.01 = 0.17
2h 1.006 10 5 5.70 = 0.31
4h 1.004 10 5 6.71 = 0.37
8h 1.002 10 5 8.10 = 0.46
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TABLE III
Effect of Treatment Condition on the Degree of Carboxymethylation of the Chitosan Fibers
Sample Amount of Amount of chloroacetic Ratio of nitrogen and carbon Degree of
No. fiber (g) acid (g) contents of the fiber carboxymethylation (%)
1 25.001 0 0.193 0
2 25.004 5.003 0.186 12.6
3 25.002 10.005 0.178 272
4 25.001 15.002 0.171 40.5

When studying the effect of carboxymethylation on
the chelating abilities for Cu(Il) ions, 0.2 g of the four
samples in Table III were mixed with 100 mL aqueous
solutions containing 0.4 g/L CuSO,. After condition-
ing for 24 h at room temperature, the solution was
separated with the fibers and diluted with distilled
water to 1/50 before measuring Cu(ll) concentration
by using atomic absorption spectroscopy.

When studying the effect of the fiber/solution ratio
on the absorption of Cu(ll) ions, 0.050, 0.100, 0.150,
0.200, and 0.250 g of sample 3 were mixed with 100 mL
aqueous solutions containing 0.4 g/L CuSO,. After
conditioning for 24 h at room temperature, the solu-
tion was separated with the fibers and diluted with
distilled water to 1/50 before measuring Cu(lIl) con-
centration by using atomic absorption spectroscopy.

When studying the effect of time on the absorption
of Cu(ll) ions, 0.2 g of sample 3 was mixed with 100
mL aqueous solutions containing 0.4 g/L CuSO,. Af-
ter conditioning for 15 min, 30 min, 1, 2, 5, 8, 15, and
24 h at room temperature, the solution was separated
with the fibers and diluted with distilled water to 1/50
before measuring Cu(ll) concentration by using
atomic absorption spectroscopy.

When studying the effect of temperature on the
absorption of Cu(ll) ions, 0.2 g of sample 3 was mixed
with 100 mL aqueous solutions containing 0.4 g/L
CuSO,. After conditioning for 5 h at 25, 37, 55, 70, and
95°C, the solution was separated with the fibers and
diluted with distilled water to 1/50 before measuring
Cu(Il) concentration by using atomic absorption spec-
troscopy.

When studying the effect of pH on the absorption of
Cu(Il) ions, 0.2 g of sample 3 was mixed with 100 mL
aqueous solutions containing 0.4 g/L CuSO,. The pH
of the solution was adjusted with ammonia or H,SO,
to2,4,7,9,and 11. After conditioning for 5 h at room
temperature, the solution was separated with the fi-
bers and diluted with distilled water to 1/50 before
measuring Cu(ll) concentration by using atomic ab-
sorption spectroscopy.

RESULTS AND DISCUSSION

As shown in Figure 1, partially carboxymethylated
chitosan fibers can be made by treating chitosan fibers
with chloroacetic acid in alkali conditions. Because the

sodium carboxymethyl group can ionize in water and
has a high water holding capacity, the partially car-
boxymethylated chitosan fibers should be more absor-
bent than the pure chitosan fibers. It should be noted
that when fully carboxymethylated, the chitosan fibers
would be fully water soluble and lose its fibrous struc-
ture when wet in water.'”!! Previous studies have also
shown that fully carboxymethylated water soluble
carboxymethylated chitosan has good absorption ca-
pacity for metal ions and can be used in hydrometal-
lurgical processes.'*'* For a textile fiber, however, it is
useful for the fiber to maintain its fibrous structure
when wet; therefore, the present study aimed to pre-
pare partially substituted carboxymethylated chitosan
fiber.

Table I shows the effect of treatment temperature on
the carboxymethylation of chitosan fibers. The gel
swelling properties of the fibers were tested to assess
the effectiveness of the treatment. As can be seen in
Table I, as the treatment temperature rose from room

CH,OH
-0 o CH,OH
HO 0o 0 CH,OH
2
NH2 HO o o
NH2 HO o—
NH2
Chitosan
+ CICH:2COOH
+ NaOH
CH,OH
(0] O
CH,OH

NH—CH2CO0ONa
Carboxymethyl Chitosan

Figure 1 The chemical structure of chitosan and partially
carboxymethylated chitosan.
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Figure 2 Photomicrographs of the dry and wet structure of chitosan fibers. (a) Dry structure of the original chitosan fiber,
X100; (b) wet structure of the original chitosan fiber, X100; and (c) treated chitosan fiber with a degree of carboxymethylation
of 27.2%, wet in distilled water, X100. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.].

temperature to 70°C, the gel swelling ratio rose from
2.36 to 6.04, respectively, indicating the fact that the
carboxymethylation of chitosan fibers can proceed at
elevated temperatures. Table II shows the effect of
treatment time on the carboxymethylation of chitosan
fibers. At 15 min, the gel swelling ratio was 2.13, while
after 8 h of treatment, the fiber became highly absor-
bent, with a gel swelling ratio of 8.10. These results
indicate that the carboxymethylation of chitosan fibers
can proceed at elevated temperature over extended
period of time.

Table I1I shows the degree of carboxymethylation of
the chitosan fibers when treated with different amount
of chloroacetic acid. It can be seen that by controlling
the ratio between the weight of the fiber and the
amount of chloroacetic acid, fibers with different de-
grees of carboxymethylation can be made. When ex-
amined under optical microscope, the carboxymethy-
lated chitosan fibers show a highly swollen structure
when wet with distilled water. In Figure 2, it can be
seen that sample 3, which has a degree of carboxym-

ethylation of 27.2%, swells to about 3 times the origi-
nal fiber diameter. Although sample 4, which has a
degree of carboxymethylation of 40.5%, was highly
absorbent when wet, it became weak and difficult to
handle when wet. For this reason, sample 3 was used
for further studies on the absorption properties of the
carboxymethylated fibers for Cu(Il) ions.

Table IV shows the effect of the degree of carboxym-

TABLE IV
Effect of the Degree of Carboxymethylation on the
Absorption of Cu(II) Ions

Cu(Il)
concentration after

Absorption

Sample  the treatment Cu(Il) capacity (mg
No. (mg/L) removal (%) Cu(Il)/ g fiber)

1 77.3 51.7 413

2 10.8 93.2 74.6

3 74 95.4 76.3

4 1.2 99.3 79.4
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TABLE V
Effect of the Amount of Fiber on the Absorption
Properties for Cu(II) Ions

QIN ET AL.

TABLE VII
Effect of Temperature on the Absorption
Properties for Cu(II) Ions

Cu(II) Cu(Il)
Amount  concentration Absorption concentration Cu(ID) Absorption
of fiber after treatment Cu(II) capacity (mg Temperature after treatment removal capacity (mg
(8) (mg/L) removal (%) Cu(Il)/g fiber) (°C) (mg/L) (%) Cu(Il)/g fiber)
0.050 85.9 46.3 148.1 25 7.7 95.2 76.1
0.100 34.2 78.6 125.7 37 64.2 59.9 47.9
0.150 8.7 94.5 100.8 55 127.6 20.2 16.2
0.200 14.3 91.1 72.9 70 83.2 48.0 38.4
0.250 8.1 95.0 60.8 95 21.2 86.8 69.4

ethylation on the absorption of Cu(Il) ions. The treated
samples had much better absorption capacities for
Cu(Il) than the untreated sample. While the original
sample had an absorption capacity of 41.3 mg/g, un-
der the same conditions, the treated samples can ab-
sorb more than 70 mg/g. This increase in the absorp-
tion capacity can be explained in two respects. First, in
the carboxymethylated fibers, there are both —NH,
and —CH,COONa groups in the fiber structure. The
—NH, groups can absorb Cu(Il) ions through chela-
tion, while the —CH,COONa groups can form insol-
uble salt with Cu(ll) ions. Second, because the
—CH,COONa groups can ionize in water, the treated
fibers can swell significantly when in contact with
aqueous solutions. This makes the fiber more accessi-
ble to Cu(Il) ions in the solution.

Table V shows the effect of the amount of fiber on
the absorption properties for Cu(Il) ions. It can be seen
that when placed in contact with excess amount of
Cu(Il) ions, the treated fiber can absorb up to 148.1 mg
Cu(l) per gram fiber. In a previous study on the
absorption of metal ions by chitosan flake, Zhang et
al."* reported that the equilibrium absorption capacity
was 2.16 mmol Cu(Il) per gram chitosan, which is
equivalent to about 137.2 mg Cu(Il) per gram chitosan.
The equilibrium was reached after 30 h of treatment.
Similar results were also reported by Chen.'?

TABLE VI
Effect of Time on the Absorption Properties
for Cu(Il) Ions

Cu(In)
concentration Absorption

after treatment Cu(II) capacity (mg

Time (h) (mg/L) removal (%) Cu(ll)/g fiber)
0.25 62.2 61.1 48.9
0.5 753 53.0 424
1 50.4 68.5 54.8
2 442 72.3 57.9
5 7.7 95.2 76.1
8 9.8 93.9 75.1
15 17.0 89.4 71.5

24 14.2 91.1 729

Table VI shows the effect of time on the absorption
of Cu(Il) ions. Because the fibers can easily swell in
water, the carboxymethylated fibers can absorb Cu(II)
ions fairly rapidly. The absorption capacity reached
48.9 mg/g within 15 min of contact with the solution.
Afterwards, it rose gradually. It is interesting to note
that after 5 h, the absorption capacity showed a small
decline after further exposure with the CuSO, solu-
tion. It is possible that some of the more highly car-
boxymethylated chitosan within the chitosan fiber can
eventually migrate into the aqueous solution, hence
reducing the absorption capacity of the fiber.

Table VII shows the effect of temperature on the
absorption properties for Cu(Il) ions for the carboxym-
ethylated chitosan fibers. Interestingly, the highest ab-
sorption capacity was obtained at room temperature.
The absorption capacity first reduced with the in-
crease in temperature and then rose as the tempera-
ture rose further. Laboratory observation has shown
that the carboxymethylated fibers are highly swollen
when placed in cold water, and warm water tends to
reduce the extent of swelling by dehydrating the fi-
bers. It is possible that as the temperature rose, the
fibers first became less swollen, and hence there are
less contact points between the fiber and the Cu(ll)
ions. As the temperature rose further, the diffusion of
Cu(II) ions became fast, and correspondingly, the ab-
sorption capacity became higher.

Table VIII shows the effect of pH on the absorption
of Cu(ll) ions. In general, pH had little effect on the

TABLE VIII
Effect of pH on the Absorption Properties
Cu(In)
concentration Absorption
after treatment Cu(II) capacity (mg
pH (mg/L) removal (%) Cu(ll)/g fiber)
2 494 69.1 55.3
4 222 86.1 68.9
7 22.2 86.1 68.9
9 33.6 79.0 63.2
11 249 84.4 67.5
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absorption capacities of the carboxymethylated chi-
tosan fibers. The product can be applied in both acidic
and alkali conditions to remove Cu(Il) ions.

CONCLUSIONS

This study has shown that chitosan fibers can be con-
verted to partially substituted carboxymethyl chitosan
fibers by treating the fiber with chloroacetic acid un-
der alkali conditions. By controlling the ratio between
the weight of chitosan fiber and the amount of chlo-
roacetic acid, fibers with different degree of carboxym-
ethylation can be made. When the degree of substitu-
tion is controlled under 40%, the fibers are highly
absorbent when wet while still being able to retain the
fibrous structure. The partially carboxymethylated
chitosan fibers also have a good chelating ability for
Cu(Il) ions. Experimental results have shown that up
to 148.1 mg Cu(Il) can be absorbed per gram of car-
boxymethylated fiber. The absorption is a fairly rapid
process and can occur easily at room temperature over
a wide range of acid and alkali conditions.
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