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Abstract—A series of insoluble chitosan (CTS) derivatives were prepared by grafting ester- and amino-terminated dendrimer-like
polyamidoamine (PAMAM) into CTS using a divergent method by repeating two processes: (1) Michael addition of methyl acrylate
(MA) to surface amino groups, and (2) amidation of the resulting esters with ethylenediamine (EDA). Their structures were char-
acterized by infrared spectra (IR) and wide-angle X-ray diffraction (WAXD). The adsorption capabilities of the products for Au’",
Pd>t, Pt*, Agt, Cu*", Zn?", Hg?", Ni**, and Cd*" were studied. The results showed that the products exhibited better adsorption
capabilities for Au®>" and Hg>" than for other metal ions, and the adsorption capabilities of amino-terminated products were higher
than those of ester-terminated ones. Also it was observed that a high percentage of grafting of PAMAM into CTS does not ensure a

high adsorption capacity.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan (CTS), poly-((1—4)-p-p-glucopyranosamine),
is a linear biopolymer obtained by N-deacetylation of
chitin [poly-(N-acetyl-(1—4)-B-pD-glucopyranosamine)],
which is a naturally occurring polymer found in the exo-
skeleton of marine crustaceans and is the second-most
abundant biopolymer next to cellulose.! CTS has gained
more and more attention because of its particular struc-
ture, physicochemical characteristics, chemical stability,
high reactivity, and excellent selectivity toward met-
als.*® The excellent adsorption behaviour of CTS is
mainly attributed to (1) high hydrophilicity of the poly-
mer due to the hydroxyl groups of the glucosamine
units; (2) the presence of a large number of functional
groups (acetamido, primary amino, and/or hydroxyl

* Corresponding author. Tel.: +86 535 6673982; e-mail addresses:
rongjunqu@sohu.com; qurongjun@eyou.com

0008-6215/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carres.2007.10.032

groups); (3) high chemical reactivity of some of these
groups; (4) flexible structure of the polymer chain.
Moreover, it is well known that CTS is an abundant,
renewable, modifiable, and biodegradable resource,
has a capacity to associate by physical and chemical
interactions with a wide variety of molecules such as
phenolic compounds and dyes.** In spite of these prop-
erties and advantages, some problems can occur. For
example, CTS is soluble in acidic media, and, therefore,
cannot be used as an insoluble sorbent under these con-
ditions, except after physical and chemical modifica-
tions. For this purpose, many research projects are
underway to modify crosslinking methods of CTS. The
most common crosslinking agents include epichlorohy-
drin (EPI),% ® ethylene glycol diglycidyl ether,” ' dieth-
ylene glycol bisglycidyl ether,'® PEG bisglycidyl ether,'”
glutaraldehyde,'®!® and benzoquinone.?

In recent years, hyperbranched polymers represented
by ‘dendrimers’ have received considerable attention be-
cause of their multifunctional properties such as medical
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applications, host—guest chemistry, and dendritic cata-
lysts.?! Introduction of hyperbranched polymers into
CTS will introduce many kinds of novel functional
materials.?* >*

Tsubokawa and his co-workers reported the prepara-
tion and characterization of CTS modified by 0-9 gener-
ations amino-terminated hyperbranched polyamido-
amine polymer via a divergent method.?” The experi-
mental results showed that the solubilities of hyper-
branched dendritic polyamidoamine-grafted CTS in
10% HCI decreased with increasing percentage of den-
drimer grafting. Insolubilities in acidic media are just a
prerequisite to metal adsorbents. Accordingly, we tried
to prepare insoluble CTS derivatives by the above-men-
tioned method. Their adsorption capacities for several
noble and base metal ions were also investigated in this
study.

2. Results and discussion

CTS is a type of biopolymer that is soluble in aqueous
acidic solution. Ref. 25 demonstrated that the solubility
of CTS derivatives decreased with the increase of graft-
ing percentage of dendrimer onto the surface of CTS.
Therefore, the content of the grafting polymer was the
critical factor in being able to obtain insoluble CTS
derivatives. To introduce more functional groups to
the skeleton of CTS, in this study the Michael addition
and amidation reaction times were prolonged from 24 h
(reported by Ref. 25) to 4 and 3 days, respectively. The
ideal synthetic routes of ester- and amino-terminated
hyperbranched polyamidoamine polymers-grafted CTS
are illustrated in Scheme 1.

The data in Table 1 reveal that the grafting percentage
of dendrimer onto the surface of CTS prepared by this
method increased significantly compared to that by the
method described in Ref. 25. It should be noted that
when the grafting percentage of dendrimer was 20.3%
(that is CTS-1.0), the sample was only swollen but not
dissolved in 2% hydrochloric acid; and when the graft-
ing percentage of dendrimer was 37.1% (that is CTS-
1.5), the sample dissolved in neither 2% acetic acid nor
2% hydrochloric acid. Considering that the samples of
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Step 1
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M@— N(C,H,CONHC,H,NH,), NP _ (1g.1.5
Step 2 Step 1
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Scheme 1. The ideal synthetic routes of ester- and amino-terminated
hyperbranched polyamidoamine polymers-grafted CTS.

Table 1. Observed and expected grafting percentage of dendrimer onto
CTS and their solubility in aqueous acidic solution

Generation Grafting (%) Soluble part (%)
Observed Expected 2% CH;CO,H 2% HCI

0 0 0 100 100

0.5 15.10 15.10 15.2 12.5

1.0 18.31 20.3 2.4 (Swollen) 0 (Swollen)

1.5 37.12 50.2 0 (Swollen) 0

2.0 46.70 60.8 0 0

2.5 76.61 120.7 0 0

3.0 97.32 142.0 0 0

CTS-2.0, CTS-2.5, and CTS-3.0 were absolutely insolu-
ble in the two kinds of aqueous acidic solutions, they
were considered suitable for use as sorbents for metal
ions.

Table 2 showed main absorption peaks of FTIR spec-
tra of CTS and its derivatives.

In ester-terminated dendrimer polymer grafting sam-
ples CTS-0.5, CTS-1.5, and CTS-2.5, the absorption at
1733 cm ™! suggested the presence of ester bonds (—
CO,CH3). The characteristic absorption peaks of ester
bonds disappeared in the corresponding amino-termi-
nated samples CTS-1.0 and CTS-2.0, indicating that
the ester bonds were almost inverted into amino-termi-
nated products. However, different from the above-men-
tioned samples, the characteristic absorption peaks of
ester bonds in the sample CTS-3.0 did not disappear
completely even though the reaction time was prolonged
from 3 to 5 days at 50 °C. These experimental results
could be explained by the formation of intra- and inter-
group crosslinking products as shown in Scheme 2: (1)
in the Step 1 reaction process, except for the routine Mi-
chael addition reaction, the side reaction of the ester
group with an amine group would lead to the formation
of crosslinking product I, which would drastically de-
crease the amount of -NHj; (2) in the Step 2 reaction
process, the side reaction of one molecular equivalent
of EDA with each ester group of two molecules would
lead to the formation of crosslinking product II, which
would drastically decrease the number of ester groups.
The fact that the observed grafting percentage of dendri-
mer at every generation was much less than that of the
expected value supports this deduction. These grafted
dendrimers were called ‘dendrimer-like highly branched

Table 2. The main absorption peaks of FTIR spectra of CTS and its
derivatives

Samples Main absorption peak of FTIR (cm™!

CTS 3423, 2921, 2880, 1654, 1420, 1382, 1077
CTS-0.5 3436, 2952, 2876, 1731, 1631, 1483, 1375, 1074
CTS-1.0 3423, 2921, 2875, 1637, 1458, 1384, 1070
CTS-1.5 3431, 2951, 2876, 1733, 1646, 1438, 1384, 1070
CTS-2.0 3431, 2925, 2873, 1735, 1647, 1437, 1383, 1069
CTS-2.5 3421, 2923, 2853, 1735, 1647, 1438, 1382, 1069
CTS-3.0 3422, 2926, 2876, 1733, 1646, 1438, 1383, 1070
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Scheme 2. The illustrations of intra- and intergroup crosslinking products.

polymers’ in Ref. 26. The formation of crosslinking
products blocked the diffusion of EDA into the matrix
of hyperbranched polymer to react with -CO,CHj; dis-
tributed in the inside of polymer, and the blockage in-
creased with the increase of generations of dendrimers.

Based on the above analysis, it was concluded that es-
ter- and amino-terminated hyperbranched polymer was
grafted successfully on the CTS surface via the Step 1
and Step 2 repeating reactions.

As representatives, CTS-0.5, CTS-1.0, and CTS-1.5
were chosen to investigate the effect of grafting dendri-
mer on the crystallinity of CTS. Their X-ray powder dif-
fraction patterns are shown in Figure 1.

Compared with CTS, the intensity and position of the
maximum peak at 20 = 20.4° in the diffractogram of the
sample CTS-0.5 had not evidently changed, but the peak
at 20 = 11° disappeared, which means that the introduc-
tion of grafted groups (ester groups here) affected the
crystallinity of the main chain of CTS. The novel peak
at 20 = 6.5° appearing in the diffractogram of the sam-
ple CTS-0.5 could be attributed to the conjugation be-
tween the grafted groups and main chain of CTS.
From the diffractogram of the sample CTS-1.0, it could
be seen that the intensity of the peak at 20 = 6.5° in-
creased compared with that of CTS-0.5, indicating that
the conjugation between the grafted groups and main
chain of CTS increased when the ester-terminated
groups were converted into the amino-terminated
groups. This fact could be interpreted as that amino

groups were more easily available than ester groups to
form hydrogen-bonds with the main chain of CTS.
The intensity of the peak at 20 = 20.4° in the diffracto-
gram of sample CTS-1.0 apparently increased compared
with CTS and CTS-0.5, demonstrating that the intro-
duction of polar amino groups increased the crystallinity
of CTS. It should be noted that the intensity of the peak
at 20 =20.4° of CTS-1.5 evidently decreased, and the
peak at 20 = 6.5° moved to 20 = 4.9°. Its intensity also
decreased compared with CTS-1.0, which demonstrates
that the crystallinity of CTS-1.0 decreased when the po-
lar amino groups were reconverted into weakly polar es-
ter groups.

The above-mentioned fact revealed that introducing
weakly polar groups (e.g., ester groups) into CTS would
result in a decrease in the crystallinity of derivatives of
CTS, and introducing strongly polar groups (e.g., amino
groups) would result in an increase in the crystallinity of
the derivatives of CTS.

The saturated adsorption capacities of CTS and its
derivatives for base metal ions and novel metal ions
are shown in Figure 2a and b, respectively. From Figure
2a, it can be seen that (1) The products had higher
adsorption capability for Hg*" than for the four other
metal ions, which could be interpreted in that the amide
groups also participated in coordination with Hg>" be-
sides -NH,, and the amide groups were not capable of
forming coordinate bonds with other transition metal
ions.?’ This fact demonstrated that these products could
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Figure 1. X-ray diffraction of CTS, CTS-0.5, CTS-1.0, and CTS-1.5.
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Figure 2. The saturated adsorption capacities of CTS and its deriv-
atives for (a) base metal ions and (b) for novel metal ions.
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probably be used to separate Hg>™ from other metal
ions. (2) When the generation of grafted dendrimer
was smaller than 2.0, amino-terminated products exhib-
ited better adsorption than their corresponding counter-
parts (e.g., CTS-0.5 compared with CTS-1.0 or CTS-1.5
compared with CTS-2.0), implying that the amino group
was the main contributor to the complexation with me-
tal ions. When the generation of grafted dendrimer was
more than 2.0, the adsorption capabilities of the prod-
ucts decreased with increasing generation of the grafted
dendrimer. A reasonable explanation for this is as fol-
lows: in the adsorption process of lower generation
products, the lower steric hindrance and the lower cross-
linking made metal ions easy to diffuse into the interior
of the dendrimer-like polymer matrix and to be ad-
sorbed. In contrast, although CTS-3.0 possessed the
highest percentage of grafting among all the products,
the strong steric hindrance and crosslinking structures
made metal ions difficult to diffuse into the interior of
the dendrimer-like polymer matrix, which resulted in a
decrease of adsorption capacity. (3) In general, the
adsorption capacity of CTS was higher than its deriva-
tives. However, CTS was not a suitable adsorbent be-
cause it was soluble in aqueous acidic solution and
could not be recovered. Considering the solubility in
aqueous acidic solution as well as its adsorption capabil-
ity, CTS-2.0 may be the most suitable adsorbent.
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From Figure 2b, we can see that the adsorption for
noble metal ions was similar to that for base metal ions.
A phenomenon that should be noticed was that the
adsorption capacity of CTS-1.0 for Au’* was much
higher than for other three metal ions, demonstrating
that ester groups participated in the complexation with
At 28

3. Experimental
3.1. Materials

CTS with a degree of deacetylation 81.69%, (5.07 mmol
NH, g '), was purchased from Yuhuan Halobios Com-
pany (Zhejiang province, China); methyl acrylate (MA)
and ethylenediamine (EDA) were redistilled just before
use. All of the other reagents used were of analytical-
reagent grade.

3.2. General methods

Fourier transform infrared (FTIR) spectra of the CTS
and its derivatives were measured in the 4000-
400 cm ™' region using a Nicolet MAGNA-IR 550 (ser-
ies II) spectrophotometer, Nicolet Co., the US; test con-
ditions: KBr pellets, scanning 32 times, resolution is
4cm~!'. The data were treated with Thermo Nicolet
Corporation oMNIC 32 software v. 6.0a. Crystalline
structures of the CTS and its derivatives were analyzed
on a wide-angle X-ray diffraction on a Rigaku-D/max-
2500VPC (Japan). These samples prepared as powders
were laid on the glass sample holder (20 X 15 X 2 mm)
and analyzed under plateau conditions. Ni-filtered
CuKa radiation (k= 1.54 A) generated at a voltage of
40 kV and a current of 40 mA was utilized, and a scan
speed of 0.1°/s from 2° to 80° was used. The measured
temperature was 25 °C.

The concentration of metal ions was determined using
a 932B-model atomic adsorption spectrometer (AAS),
GBC, Australia.

3.3. Preparation of CTS-0.5

CTS-0.5 was prepared via the Michael addition of MA
to amino groups on the surface of CTS. The typical pro-
cedure was as follows: under a nitrogen atmosphere,
51 mL of redistilled MA were added to a 500-mL flask
that contained 10 g of CTS powder, which was swollen
for 4 h by 80 mL of MeOH. The flask was sealed, and
the mixture was stirred with a magnetic stirrer at
50 °C. After 4 days, the solid product was filtered off
and washed twice with MeOH, then transferred to a
Soxhlet extraction apparatus and extracted with reflux-
ing EtOH for 12 h. After extraction, the product was
dried under vacuum at 50 °C over 48 h.

3.4. Preparation of CTS-1.0

CTS-1.0 was prepared via the amidation reaction of
CTS-0.5 with EDA. The typical procedure was carried
out as follows: under an N, atmosphere, 14.4 mL of
EDA were added to a 500-mL flask that contained
7.5 g of CTS-0.5, which was swollen for 4 h by the addi-
tion of 60 mL of MeOH. The mixture was stirred with a
magnetic stirrer at room temperature for 5 days and at
50 °C for 3 days. The solid product was filtered off
and washed with a little MeOH, then transferred to a
Soxhlet extraction apparatus for reflux-extraction in
EtOH for 12 h. After extraction, the product was dried
under vacuum at 50 °C over 48 h.

3.5. Preparation of CTS-1.5

Under an N, atmosphere, the reaction was carried out
with 3.6 g of CTS-1.0 and 40 mL of MA in MeOH.
The reactant mixture was stirred for 4 days at 50 °C,
and then the product CTS-1.5 was filtered off. The puri-
fication procedure was the same as that for CTS-0.5.

3.6. Preparation of CTS-2.0

Under an N, atmosphere, the reaction was carried out
with 3.6 g of CTS-1.5 and 12.5 mL of EDA in 40 mL
of MeOH. The mixture was stirred with a magnetic
stirrer at room temperature for 5 days and 50 °C for 3
days. The purification procedure was similar to that
for CTS-1.0.

3.7. Preparation of CTS-2.5

Under an N, atmosphere, the reaction was carried out
with 2.0 g of CTS-2.0 and 40 mL of MA in MeOH.
The reactant mixture was stirred for 4 days at 50 °C,
and then the solid product was filtered off. The purifi-
cation procedure was the same as that for CTS-0.5.

3.8. Preparation of CTS-3.0

Under an N, atmosphere, the reaction was carried out
with 1.5 g of CTS-2.5 and 12.5mL of EDA in 40 mL
of MeOH. The mixture was stirred with a magnetic
stirrer at room temperature for 5 days and 50 °C for 5
days. The purification procedure was similar to that of
CTS-1.0.

3.9. Determination of grafting percentage

The percentage of grafting polymer onto the surface of
CTS was determined by the following equation:

Grafting (%) = (4 — B/B) x 100%
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where A is the weight of grafted polymer and B is the
weight of CTS charged.

3.10. Adsorption properties of CTS and its derivatives

A static adsorption experiment was employed to deter-
mine the adsorption capability of CTS and its deriva-
tives for different kinds of metal ions. A typical way
was that a dose of desired amount of the metal ions
solution was added to a 50-mL Pyrex glass tube, and
then the glass tube was placed in a thermostated shaking
assembly. A known amount of sample (0.03-0.05 g) was
charged, and the mixture was mechanically shaken at
room temperature for 24 h. The solution in the tube
was then separated from the adsorbent, and the concen-
tration of metal ion was detected by means of AAS. The
adsorbed amount was calculated according to the equa-
tion as follows:

(Co— C)V

w
where Q is the adsorption amount (mmol/g); C,, the
initial concentrations of metal ions (mmol/mL); C, the

final concentrations of metal ions (mmol/mL); V, vol-
ume (mL); W, the dry weight of CTS or its derivatives

(2).

0=

3.11. Solubilities of CTS and its derivatives

CTS (0.1 g) and its derivatives were dispersed in 15 mL
of 2% CH;CO,H (or 2% HCI), respectively. The mix-
tures were mechanically shaken at room temperature
for 3h in a thermostated shaking assembly, and the
insoluble materials were filtered off through a sintered-
glass filter. The solid materials were washed with
10 mL of distilled water to remove the soluble matter,
5mL of 0.5% NaOH to remove the CH;CO,H reacted
with amine, 10 mL of distilled water and 10 mL of
EtOH. The product was dried in vacuum at 50 °C and
weighed.

4. Conclusions

A series of chitosan (CTS) derivatives were prepared by
grafting ester- and amino-terminated dendrimer-like
polyamidoamine (PAMAM) into CTS using a divergent
method. Their structures were characterized by infrared
spectra (IR) and wide-angle X-ray diffraction (WAXD).
Their solubility in diluted acidic solutions was investi-
gated. The results showed that the CTS derivatives were
completely insoluble in dilute acid solutions when the
generations of grafted dendrimers were greater than or
equal to 2. The adsorption capabilities of the products
for Au’", Pd>", Pttt Ag+, Cu®", Zn*", Hg2+, NiZT,
and Cd*" were studied. The results showed that the

products exhibited better adsorption capabilities for
Au*" and Hg?' than for other metal ions, and the
adsorption capabilities of amino-terminated products
were higher than those of ester-terminated ones. The
CTS derivative with a high percentage of grafting of
PAMAM did not exhibit a high adsorption capacity as
expected because of the existence of strong steric
hindrance and crosslinked structures.
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