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ABSTRACT: In the present study, the metal-adsorption
ability of various water-soluble chitosan derivatives pre-
pared by N-alkylation of chitosan with maltose, cellobiose,
or lactose and with various degrees of substitution (DS) was
first determined and compared with the native chitosan. The
effects of the pH and reaction time on the metal-adsorption
ability and the selective metal adsorption of the disaccharide
chitosan derivatives with a DS of 30-40% were further
examined. Results revealed that the metal-adsorption ability
of chitosan was enhanced after N-alkylation with the disac-
charides tested and with certain DS values. All the N-alky-
lated disaccharide derivatives and the native chitosan exhib-
ited the highest adsorption for Pb*>" and the lowest adsorp-
tion ability for Mg2+ among all the metal ions that were
tested. The DS with disaccharide affects the metal-adsorp-
tion ability of the tested chitosan derivatives. In general, the

adsorption ability of these chitosan derivatives for Cu*",
Pb>*, Fe**, and Mg>" decreased whereas the adsorption
ability for Ca®*, Ni**, Zn®*", and Cd*" increased upon in-
creasing the DS. Further study with disaccharide chitosan
derivatives with 30—-40% DS also revealed that the adsorp-
tion of Zn*" and Pb*" by these chitosan derivatives was a
fairly rapid process. The Zn*" and Pb>" adsorption ability of
these derivatives generally increased as the pH increased.
These disaccharide chitosan derivatives also displayed the
best selective adsorption for Pb*>" in mixed solutions with
Zn*", Ni**, and Cd*". © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 98: 564-570, 2005
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INTRODUCTION

Chitosan, a deacetylated derivative of chitin, is com-
posed of B(1-4) glucosidic linkage. Because of its
unique polycationic nature, chitosan and its deriv-
atives have been proposed for various applications
in the fields of agriculture, food, biomedicine, bio-
technology, and pharmaceuticals. Its uses include as
a coagulant or flocculent in waste treatment, as a
biodegradable polymer for packaging materials, as
a beverage-clarifying agent, as an antimicrobial pre-
servative, and so forth.!? However, these applica-
tions are often limited by the insolubility of chitosan
at neutral or high pH values.> To overcome this
solubility limitation, chemical modification of chi-
tosan has been conducted by numerous researchers
to prepare functional derivatives with enhanced sol-
ubility in water.’°

Through the reductive N-alkylation of chitosan
with various mono- and disaccharides as described
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by Sashiwa and Shigemasa,” we previously pre-
pared mono- and disaccharide chitosan deriva-
tives.® We observed that the solubility of the N-
alkylated chitosan derivatives with lactose, maltose,
or cellobiose was markedly increased. Furthermore,
these disaccharide chitosan derivatives were also
demonstrated to possess antioxidative activity” and
exhibit a higher antibacterial activity against Esche-
richia coli and Staphylococcus aureus than did the
native chitosan at pH 7.0, suggesting that it is a
potentially useful antimicrobial agent.” Along with
these property changes, it is also reasonable to spec-
ulate that the metal-binding nature of chitosan, one
of the most attractive functions of chitosan, may
also be altered after N-alkylation with maltose, lac-
tose, or cellobiose. Because the metal-adsorption
properties different from those of native chitosan
have been observed in various chemically modified
chitosan derivatives such as ascorbic chitosan deriv-
atives,'® chitosan phosphate,'' phosphorylated chi-
tosan,'> glutaraldehyde chitosan,'”> N-carboxy-
methyl chitosan,'* and so forth. Therefore, in the
present study, we further investigated the metal-
binding properties of the various water-soluble N-
alkylated disaccharide chitosan derivatives.
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EXPERIMENTAL

Chitosan from shrimp shells with 99% N-deacetyla-
tion as determined by colloid titration'® was obtained
from China League Biotechnology Associates Ltd. Ly-
tone Enterprise, Inc. (Taipei, Taiwan).

The chitosan derivatives were prepared and charac-
terized according to the procedures described by Yang
et al.” Briefly, chitosan dissolved in a 1 : 1 mixture (pH
5.5) of methanol and 1% aqueous acetic acid was
mixed with various amounts of disaccharides. After
being kept at room temperature for 1 h, NaCNBHj;
was added and it was kept at room temperature for a
period of 2-48 h, generally until a white solidified
mass was formed. The solidified mass was then col-
lected and washed with methanol, washed with di-
ethyl ether, air-dried, and finally dried under a vac-
uum. If no solidified mass formed, the mixture was
dialyzed against distilled water and then freeze-dried.
The residue was dissolved in distilled water, and cen-
trifuged (8000 rpm, 15 min). The supernatant and
precipitate were separated by decanting, and the su-
pernatant was freeze-dried again. The methods of San-
nan et al.'® and Téei and Kohara'® with minor modi-
fications as described by Yang et al.> were followed to
determine the degree of substitution (DS) of the pre-
pared chitosan disaccharide derivatives. According to
Sashiwa and Shigemasa,” the reaction products of chi-
tosan derivatives have the following structure:

where R is lactose, cellobiose, or maltose.

Comparison of adsorption ability of chitosan
derivatives and native chitosan

In this study, solutions of chitosan and solutions con-
taining N-alkylated chitosan derivatives (DS = 20-30,
30-40, and 40-50%) at a concentration of 200 mg/100
mL were first prepared by dissolving an appropriate
amount of either chitosan or chitosan derivatives in
deionized water. The solution was then mixed with
equal volumes of 4 mM metal-ion solution prepared
by dissolving an appropriate amount of Pb(ClO,),
3H,O (Aldrich Chemical Co., Milwaukee, WI), ZnCl,
(Sigma Chemical Co., St. Louis, MO), NiCl 6H,0O
(Sigma) or CdCl, (Sigma) in deionized water. The
metal-ion concentration in the supernatenant fraction
obtained by centrifugation (8000 X g, 15 min) was
determined at 0 and after 6 h of holding at 25°C with
shaking (100 rpm).

Studies on pH effects, reaction time effects, and
selective metal-ion adsorption

In these studies, solutions of chitosan derivatives with
30-40% DS were mixed with equal volumes of deion-
ized water containing either a single metal ion (for pH
and adsorption rate studies) or various metal ions
simultaneously, as listed in previously (for the selec-
tive adsorption study). They were kept at 25°C with
shaking at 100 rpm for a period of 6 h for the pH effect
and selective adsorption studies or 24 h for the ad-
sorption rate study. During the experimental period,
the metal-ion concentration in the supernatant of the
adsorbent metal-ion solution at a predetermined time
was determined.

When the pH effect was ascertained, the absorbent
metal-ion solution was adjusted to a pH of 5.0-8.0
with either 1N HCI or 5N NaOH solution.

Determination of metal ions

To determine the metal-ion concentration, samples
were first centrifuged at 8000 X g for 15 min. The
metal ions in the supernatant fractions were then an-
alyzed with an atomic adsorption spectrometer (Z-
6100 AA, Hitachi Instruments, Inc.), according to stan-
dard methods.

The adsorption ability (mg/g) is defined as V(C,
— C,)/M, where V is the sample volume; C, and C, are
the metal-ion concentrations (mg/L) before and after
adsorption, respectively; and M is the weight (g) of
chitosan or chitosan derivatives.

Statistical analysis

The mean values and standard deviations were calcu-
lated from the data obtained with triplicate trials.
These data were then compared by the Duncan mul-
tiple range method."”

RESULTS AND DISCUSSION

Metal-adsorption ability of various disaccharide
chitosan derivatives

Onseyen and Skaurud'® indicated that making chem-
ical derivatives is one way to alter the metal-interact-
ing characteristics of chitosan. Table I shows the met-
al-ion adsorption ability of unmodified chitosan and
the N-alkylated disaccharide chitosan derivatives with
different DS. It was found that all the disaccharide
chitosan derivatives and the native chitosan showed
the highest adsorption ability for Pb>", whereas their
adsorption ability for Mg”" was the lowest among all
the metal ions tested.

The N-alkylation of chitosan with disaccharides, re-
gardless of the DS and the kinds of disaccharides,
resulted in a notably higher adsorption ability for
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Pb>* and Mg?" than the unmodified chitosan. We also
observed that disaccharide chitosan derivatives with
20-30% DS showed the highest adsorption ability of
50.39-67.06 and 1.47-1.63 mg/g for Pb** and Mg**,
respectively, and they decreased as the DS increased.

Contrary to the observations for Pb>" and Mg**, all
the tested N-alkylated disaccharide chitosans dis-
played less adsorption ability for Fe** compared to
the unmodified chitosan.

Cellobiose chitosan derivatives with 40-50% DS dis-
played the highest adsorption ability of 25.43 mg/g
for Ca®* among all the disaccharide chitosan deriva-
tives that were tested. This chitosan derivative along
with the cellobiose chitosan derivative with 30—-40%
DS and the lactose chitosan derivative with 40-50%
DS all exhibited a significantly higher (p < 0.05) Ca**
adsorption ability than did the native chitosan. We
also found that N-alkylation of chitosan with lactose,
regardless of the DS, resulted in significantly less ad-
sorption ability for Ni*". Similar results were also
noted with maltose derivatives with 20-30% DS. In
contrast, the Ni** adsorption capacity of other disac-
charide chitosan derivatives showed no significant
difference (p > 0.05) from that of the unmodified
chitosan.

Changes in the adsorption ability for Zn** and
Cd>* were also noted with the N-alkylated disaccha-
ride chitosan derivatives. Among them, maltose and
cellobiose derivatives with 30—-40 and 40-50% DS ex-
hibited a significantly (p < 0.05) higher Zn** adsorp-
tion ability than did the native chitosan. The Cd**
adsorption capacity of lactose derivatives with 30—-40
and 40-50% DS was found to be significantly higher
than that of the native chitosan.

The data shown in Table I demonstrate that the
adsorption ability of chitosan for all the tested metals,
except Cu”>" and Fe”", can be improved after N-alky-
lation with disaccharide and with certain DS values.
Similar differences in the metal-adsorption ability of
these disaccharide chitosan derivatives were also re-
ported by Delben et al.,'* who studied the Cu®" bind-
ing capacity of N-carboxybutyl chitosan and N-car-
boxymethyl chitosan.

It is interesting to note from Table I that the DS with
disaccharide affects the metal-adsorption ability of the
chitosan derivatives. In general, as the DS increases,
the adsorption ability of the chitosan derivatives for
Cu®", Pb**, Fe**, and Mg”" decreases whereas the
adsorption ability for Ca**, Ni**, Zn**, and Cd**
increases. The increased DS with disaccharide resulted
in a reduced number of amino groups and a relatively
increased number of hydroxyl groups on the surface
of chitosan derivative molecules. Therefore, in addi-
tion to the different chemical structures in the disac-
charide, the number of amino groups and hydroxyl
groups, which vary with the DS, available on the
molecules of disaccharide chitosan derivatives may

140 5
(A)Pb

120 A

100 4

80 -
T 60
4]
<
2 40 A
=
[
eh
sy 20
£
2 09
2 50 .
§ (B) Zn™
=
=
k=9
= 60 4
4
<

F ¥
40 Y
20 A
0 : : . ;
0 5 10 15 20 25
Time (h)

Figure 1 The rate of adsorption of (A) Pb*" and (B) Zn**
on N-alkylated chitosan derivatives (30—-40% DS, 100 mg/
100 mL); (@) lactose with 30-40% DS, (O) maltose with
30-40% DS, and (V) cellobiose with 30—-40% DS.

play an important role that leads to the different met-
al-adsorption abilities observed with the various dis-
accharide chitosan derivatives. Changes in the metal-
adsorption capacity of phosphorylated chitosan when
varying the number of amino groups on the chitosan

derivative molecules was also observed by Nishi et
al.®

Adsorption rate

As shown in Table I, the disaccharide chitosan deriv-
atives (30—40% DS) exhibited a very strong adsorption
ability for Pb>" and Zn**. Therefore, the adsorption
rate of these chitosan derivatives was further exam-
ined and the results are shown in Figure 1.

It was noted that the metal-adsorption rate varies
with the chitosan derivatives and metal ions under
testing. The adsorption of Pb®>" by all the chitosan
derivatives was very rapid at the beginning and
reached its adsorption equilibrium after approxi-
mately 12 h of exposure [Fig. 1(A)]. In contrast, the
adsorption equilibrium for Zn** of these chitosan de-
rivatives was found after a shorter period of exposure
(ca. 6-9 h). Further extending the exposure time be-
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Figure 2 The effect of the pH on the adsorption of (A) Pb*"
and (B) Zn*" by N-alkylated chitosan derivatives (30-40%
DS, 100 mg/100 mL); (@) lactose with 30-40% DS, (O)
maltose with 30-40% DS, and (V) cellobiose with 30—-40%
DS.

yond the equilibrium point did not further increase
the metal-ion adsorption by the disaccharides chitosan
derivatives. The observed phenomenon was also re-
ported by various investigators of chitosan and its
derivatives."*'** Among the various disaccharide
chitosan derivatives that were tested, the maltose chi-
tosan derivative exhibited the highest adsorption rate
for Pb*" and Zn**. In contrast, the lowest adsorption
rate for Pb>" and Zn** was found with cellobiose and
lactose chitosan derivatives, respectively. Further-
more, the data in Figure 1 also demonstrate that the
adsorption of Zn*" and Pb** by these N-alkylated
disaccharide chitosan derivatives was a fairly rapid
process.

Effect of pH

The effect of the pH on the adsorption of Pb*" and
Zn>* by lactose, cellobiose, and maltose chitosan de-
rivatives was studied over the pH range of 4-8; the
results are shown in Figure 2. The binding of metal
ions by chitosan was previously reported to be influ-
enced by pH.>*** Bassi et al.** found that the adsorp-
tion of metal ions by chitosan was highest at pH 6.0

YANG ET AL.

and was reduced as the pH increased. Sakaguchi and
Nakajima'! reported that uranium adsorbed by both
chitin phosphate and chitosan phosphate had a max-
imum at pH 5.0, whereas above and below pH 5.0
there was a rapid decrease in uranium adsorption.
Contrary to these observations, the adsorption of Pb**
and Zn*" by the N-alkylated disaccharide chitosan
derivatives generally increased as the pH increased
(Fig. 2). Among the various pH levels tested, these
disaccharide chitosan derivatives showed the highest
adsorption ability for Zn** and Pb*" at pH 8.0.

As shown in Figure 2, all the disaccharide chitosan
derivatives showed an increase in Pb®>" adsorption
when the pH was above 5.0. In contrast, a marked
increase in the adsorption of Zn** by maltose and
cellobiose chitosan derivatives was noted as the pH
increased from 5.0 to 7.0 and there was a slight ad-
sorption increase as the pH increased to 8.0. In con-
trast, increases in the Zn®" adsorption by lactose chi-
tosan was noted only when the pH increased from 7.0
to 8.0.

At higher pH there are fewer hydrogen ions, which
would compete with metal ions for the absorption site
of the chitosan derivatives' and thus lead to a higher
adsorption of Zn** and Pb** by the disaccharides
chitosan derivatives at higher pH, as observed in the
present study. Similar phenomena were also observed
on dithiocarbamate chitosan, glutamate glucan, and
aminogluconate glucan.”® In contrast, we cannot rule
out the possible formation of metal hydroxide precip-
itation that possibly also contributed to the higher
adsorption of Zn*" and Pb** that was observed.

The nature of high metal-binding capacity at high
pH indicates the merits of further research on N-
alkylated disaccharide chitosan derivatives as poten-
tially more efficient metal-removal agents than chi-
tosan, especially with high pH. This is particularly
true because the solubility and metal-absorption ca-
pacity of chitosan both decrease when the pH is higher
than 6.0.

Selective adsorption of metal ions

Because of their metal-chelating ability, chitosan and
its related materials have been proposed for use in the
removal of toxic metals from industrial and contami-
nated drinking water. The water sources to be treated
usually contain various metals simultaneously and,
depending on the kinds of adsorbents, these chitosan
and chitosan derivatives simultaneously exerted dif-
ferent degrees of selective adsorption for metals in a
system containing different metals. For example, To-
kura et al.*® observed that the carboxymethyl-chitin
bound calcium ions work especially well among alka-
li-earth metals, even in the presence of monovalent
cations such as sodium or potassium. They also re-
ported that in a mixed solution containing Ca** and
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TABLE II
Selective Adsorption of Metal Ions by N-Alkylated Chitosan Derivatives
N-
Alkylated Adsorption capacity (mg/g)* Distribution coefficient”
chitosan
derivatives® Pb+2d Zn™? Ni*2 Ccdt? Pb™2/Zn"? Pb*?/Ni*? Pb*2/Cd "2 Affinity orders
Lactose
DS 30-
40% 45.83 = 0.50 4.00 = 1.15 7.07 = 0.40 28.33 + 1.44 11.46 6.48 1.62 Pb*>" > Cd*>" > Ni#* > zZn?"
Maltose
DS 30-
40%  53.33 = 2.65 31.33 +3.06 9.20 = 0.23 5.00 + 1.44 1.70 5.80 10.67 Pb*>" > Zn?" > Ni?" > Cd?"
Cellobiose
DS 30-
40%  41.00 = 1.15 19.33 = 1.15 8.87 = 0.50 8.33 + 1.44 2.12 4.62 4.92 Pb*>" > Zn?" > Ni?" > Cd?"

@ Determination was made after 6-h contact at 25°C.

P Adsorption capacity of Pb*?/adsorption capacity of Zn*?, Ni*?, or Cd*2.
¢ Solution containing 100 mg/100 mL of N-alkylated chitosan derivative.
9 Solution contained 2 mM Pb, 2 mM Zn, 2 mM Ni, and 2 mM Cd.

Mg?*, the carboxymethyl-chitin showed a high selec-
tivity toward calcium ions. Sakaguchi and Nakajima'!
studied the selective adsorption of metal ions and
indicated that the relative order of magnitude of metal
ions adsorption was UO2 > Cu®*" > Cd*" > Mn**
> 7Zn*" > Mg?* > Co** > Ni** > Ca®" for chitin
phosphate and UO2 > Cu** > Cd** > Zn** > Co**
> Ni** > Mg?* > Ca®" for chitosan phosphate. By
contrast, Muzzarelli and Zattoni*® investigated the
competitive collection of metal ions on glutamate glu-
can and aminogluconate glucan, both obtained from
chitosan. They revealed that the chelating ability of
glutamate glucan for Cr**, Co**, Ni**, Cu**, and
Zn?* simultaneously in solution was in the order of
Cu®" > Cr*" > Zn** > Ni*" > Co*". For aminoglu-
conate glucan, the order of affinity is Cu** > Cr**
> Zn*" > Co** > Ni*". To ensure its successful
practical application as a metal-removing agent, the
nature of the selective metal-binding ability of the
chitosan and its related material thus becomes critical.
Therefore, experiments were conducted to examine
the selective adsorption of several metal ions by these
disaccharide chitosan derivatives from the mixed so-
lution containing an equivalent concentration (2 mM)
of Pb%", Zn?*, Ni*", and Cd?"; the results are shown
in Table II. In agreement with the highest Pb** bind-
ing capacity observed in a solution containing only
one kind of metal ion (Table I), the adsorption of Pb**
by these disaccharide chitosan derivatives was found
to be much greater than those of other metal ions in
the mixed solution containing Zn**, Ni**, and Cd*",
in addition to Pb®*. After 6 h of mixing in the mixed
solution containing various kinds of metals, the disac-
charide chitosan derivatives still exhibited a Pb** ad-
sorption capacity of 41.00-45.83 mg/g adsorbent,
which is slightly less than that observed in the solution
containing only Pb** (Table II). Furthermore, Table II

shows that the relative order of magnitude of metal
ions adsorption was Pb** > Cd** > Ni** > Zn*" for
lactose chitosan derivatives, whereas the selective ad-
sorption ability for maltose and cellobiose chitosan
derivatives was in the order Pb** > Zn*" > Ni**
> Cd**.

CONCLUSION

Based on data obtained from the present study, we
concluded that the metal-adsorption ability of chi-
tosan may be enhanced through the N-alkylation of
chitosan with maltose, cellobiose, or lactose. Adsorp-
tion of Zn>" and Pb** by the N-alkylated disaccharide
chitosan derivatives with 30-40% DS was a fairly
rapid process. In addition, these derivatives exhibited
a higher adsorption ability at high pH and possessed
the best selective adsorption for Pb**. Therefore, they
are potentially more efficient metal-binding agents
than chitosan, especially under a condition with high
pH.
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