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A novel chitosan-based chelating resin modified with tris(2-aminoethyl)amine moiety (CCTS-TAA) was
synthesized, and its characteristics in the collection/concentration of mercury was examined. The synthe-
sized resin showed good adsorption toward mercury in a wide pH range, and the adsorbed mercury can
be easily eluted by using 2 M HNO3 without any addition of complexing agent. The resin was then packed
in a mini-column and the mini-column was installed on a computer-controlled automated-pretreatment
(Auto-Pret) system coupled with inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for
on-line mercury collection and determination at trace level.
esin
hitosan
ris(2-aminoethyl)amine moiety
ercury
n-line pretreatment
omputer control
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. Introduction

Mercury (Hg) is one of the most toxic heavy metals commonly
ound in the global environment layer [1]. Mercury represents a
erious environmental problem because it is widely used in many
ndustries to produce various kinds of products [2]. The toxicity
f mercury even at very low levels has led to its stringent control
ith a maximum contaminant level of 2 ng mL−1, which has been

et by the US Environmental Protection Agency [3]. This regulated
alue is even lower in Japan, as it was set to 0.5 ng mL−1 by Japan
inistry of Environment [4]. The regulated value and the concen-

ration of mercury in natural waters are very low; hence, powerful
echniques to monitor mercury in natural water are required. In
rder to achieve accurate, reliable and sensitive results, the sepa-
ation and preconcentration step for mercury is necessary prior to
ts measurement.
In recent years, solid phase extraction (SPE) method has received
onsiderable interest for the enrichment of metal ions for their
ccurate determination at trace levels. The importance of sepa-
ation and concentration technique involving chelating sorbent in

∗ Corresponding author. Tel.: +81 86 251 7846; fax: +81 86 251 7846.
E-mail address: motomizu@cc.okayama-u.ac.jp (S. Motomizu).
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race analysis has risen substantially because it can increase ana-
yte concentration to a detectable level, while at the same time it
an eliminate matrix effects [5].

In general, mercury ion interacts strongly with ligands con-
aining nitrogen and sulfur atoms [6]. Several sorbent containing
itrogen and/or sulfur ligands have been proposed for mercury
nrichment [7–11]. Tris(3-aminoethyl)amine, which possesses sev-
ral amine groups, was expected to have a potential to form chelate
ith mercury ion.

Recently, much attention has been paid to the adsorption of
etal ions on various kinds of biomass. Among those biomass, chi-

osan has been proved to be an extremely promising material due
o its high chelating ability, higher hydrophilicity, environmentally
afe, and abundant base material. Chitosan also has been proposed
s biopolymers for mercury removal [12–14]. However, the appli-
ation of chitosan to Hg determination has been hardly reported.

Although the sample pretreatment with solid phase extraction
ethod has a potential to improve the sensitivity of trace met-

ls analysis, the operation of the pretreatment procedures may

ecome tedious and time-consuming if it is carried out in a man-
al batch-wise procedure where stringent control of the laboratory
nvironment is required to avoid sample contamination, especially
hen the determination of trace levels of analytes is attempted.

uch drawback can be overcome by utilizing an automated

http://www.sciencedirect.com/science/journal/00399140
mailto:motomizu@cc.okayama-u.ac.jp
dx.doi.org/10.1016/j.talanta.2008.05.025
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ig. 1. Manifold of Auto-Pret AES System. MC: mini-column; PP: ICP-AES peristaltic p
hows the load (pretreatment) position, and dotted-line shows inject (elution) posi

n-line preconcentration procedure, where less contamination,
ess reagent consumption, and less waste-generation can be
chieved [15–21].

In this work, the cross-linked chitosan (CCTS) functionalized
ith tris(2-aminoethyl)amine (TAA) moiety was synthesized to

mprove chitosan capability and selectivity for Hg adsorption from
queous solution. The potential of the synthesized resin to be
pplied to Hg determination was also demonstrated. This work was
fundamental study and dedicated to explore the potential of the

ynthesized resin to concentrate inorganic Hg(II) as well as the pos-
ibility of this resin to be utilized in an automated-pretreatment
ystem (Auto-Pret) prior to its application to determine mercury in
nvironmental samples.

. Experimental

.1. Instruments

An inductively coupled plasma mass spectrometer (ICP-MS)
PQ8000H System Seiko Instruments (Chiba, Japan) was used for
nvestigating the adsorption behavior of various elements on CCTS-
AA. Infrared spectra (4000–400 cm−1) were recorded by using
asco FT/IR-4100 Jasco International Co. Ltd. (Tokyo, Japan) for char-
cterization of the synthesized-resin. A modular digital syringe
ump Cavro (San Jose, CA, USA), a selection valve and a switching
alve Hamilton (Reno, NV, USA) were used as a part of Auto-Pret
ystem. This Auto-Pret system was coupled with ICP-AES Vista-
ro Seiko Instruments (Chiba, Japan) to demonstrate the potential
f the synthesized resin to be applied to the determination of
ercury in aqueous solution.

.2. Reagents

Chitosan, flake type with 80% deacetylation degree, and tris(2-
minoethyl)amine were purchased from Tokyo Kasei Co. Ltd.

Tokyo, Japan). All other reagents used for the synthesis of CCTS-TAA
ere of analytical reagent grade.

Multi-element standard solutions were prepared from several
inds of single element standard solution for atomic absorption
1000 �g mL−1) purchased from Wako Pure Chemicals (Osaka,

o
b
g
t
t

V1: syringe valve; V2: 6-ports selection valve; V3: 6-way switching valve. Solid-line

apan). Two multi-element stock solutions for ICP-MS, XSTC-13
nd XSTC-1, provided by Spex CertiPrep Inc. Metuchen (New Jer-
ey, USA) were mixed with the single element solutions to give a
ulti-element standard solution containing 63 elements. Accurate

ilution of the standard solutions was carried out by weight.
Ultrapure grade nitric acid (60%, density 1.38 g mL−1) purchased

rom Kanto Chemicals (Tokyo, Japan) was diluted with ultrapure
ater to give 1 M nitric acid. Acetic acid (minimum 96%) and

mmonia water (29%), which were used for preparing ammo-
ium acetate solutions, were electronic industrial reagent grade
urchased from Kanto Chemicals (Tokyo, Japan). Ultrapure water
18.3 M� cm−1 resistance) prepared by Elix 3/Milli-Q Element sys-
em Nihon Millipore (Tokyo, Japan) was used for diluting standard
olution.

.3. Synthesis of CCTS-TAA resin

The CCTS-TAA resin was synthesized in two major steps
Scheme 1): (1) The synthesis of cross-linked chitosan, and (2)
ntroduction of tris(2-aminoethyl)amine moiety into cross-linked
hitosan.

Chitosan dissolves in acidic medium and this characteristic is
onsidered to be a serious disadvantage from the view-point of
etal collection based on solid phase extraction method. There-

ore, in order to improve the mechanical and chemical durability
f chitosan in acidic medium, a cross-linked structure of chi-
osan was synthesized with ethyleneglycoldiglycidylether (EGDE)
s the cross-linker. Among two reactive groups in chitosan, the
ydroxyl group was used as a terminal for the cross-link struc-
ure, while the reactive amino group was preserved for further
erivatization. The detail of synthesis procedure of EGDE cross-

inked chitosan had been reported by Motomizu and co-workers
13].

In the second step, EGDE cross-linked chitosan (5 g) was reacted
ith epibromohydrin (30 g) in order to introduce an extension arm
f epibromohydrin into CCTS, giving CCTS-epibromohydrin. With
romo functional-group on its terminal which serve as a leaving
roup, this extension arm can facilitate the introduction of the
ris(2-aminoethyl)amine moiety. The CCTS-epibromohydrin was
hen mixed with TAA (10 g) in dioxane (100 mL), and the mixture
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Scheme 1. Syn

as refluxed for 3-h. Tertiary amine possesses higher nucleophilic-
ty compared to primary amine because the central nitrogen atom
as surrounded by alkyl group which act as an electron donating

roup. However, in aqueous solution, the stabilization role is mainly
layed by the solvation which involves hydrogen bonding. In this
ituation, primary amine has a higher nucleophilicity because it
an form hydrogen bonding with the presence of N–H, thus the
oupling was likely to take place through primary amine group.

.4. On-line metal collection and determination procedure

The manifold of Auto-Pret AES system for on-line Hg collec-
ion/concentration and determination is shown in Fig. 1. CCTS-TAA
esin was packed in a polytetrafluoroethylene (PTFE) column (2 mm
.d. × 4 cm), and the column was installed on switching valve (SWV)
t the position shown in Fig. 1. PTFE tubing with 0.8 mm of inner
iameter was used for all connecting lines, except for holding coil
here PTFE tubing with 2 mm of inner diameter was used. The on-

ine pretreatment procedure was carried out in four major steps:
olumn conditioning, preconcentration, washing, and elution.

.4.1. Column conditioning step
One milliliter of 0.5 M ammonium acetate solution of appropri-

te pH was aspirated at flow rate of 400 �L s−1 into holding coil
hrough the port 3 of selection valve (SLV). While the SWV was
ept in load position, the solution in the holding coil was propelled
t flow rate of 40 �L s−1 into the column in order to adjust the pH
f the resin.
.4.2. Preconcentration step
Five milliliters of sample was aspirated at flow rate of 400 �L s−1

nto the holding coil through the port 2 of SLV. The aspirated sample
as then propelled into the column at flow rate of 30 �L s−1 for the
etal collection on the resin and the removal of the matrices.

w
o
u
w
w

of CCTS-TAA.

.4.3. Washing step
One milliliter of ultrapure water was aspirated at flow rate of

00 �L s−1 into the syringe pump, and then the ultrapure water was
ropelled into the column at flow rate of 40 �L s−1. This process will
orce the remaining sample in the connecting-line to pass through
he column, and at the same time this process will remove matrices
nd the un-adsorbed elements.

.4.4. Elution step
0.5 mL of 2 M nitric acid was aspirated into the holding coil at

ow rate of 400 �L s−1 from the port 5 of SLV, and then the position
f syringe pump was set to 2.5 mL by aspirating ultrapure water
nto the syringe pump. The position of SWV was turned to inject-
osition, and the eluent was propelled into the column at flow rate
f 30 �L s−1; the effluent zone moved to the ICP-AES for the metal
easurement.
The entire sequence described above was automatically con-

rolled with a home-made software developed by the authors, using
icrosoft Visual Basic 6.

.5. On-line metal collection procedure for CCTS-TAA adsorption
ehavior study

The adsorption behavior of CCTS-TAA resin was investigated by
sing on-line mini-column procedure, where CCTS-TAA was packed

n a small PTFE column (2 mm i.d. × 40 mm) and the column was
nstalled on Auto-Pret AES System. The on-line procedure of this
ork is similar to that described in Section 2.4, except for 2.5 mL
f sample was used in preconcentration step, 2.5 mL of eluent was
sed in elution step, and the effluent obtained from this procedure
as transferred into a polypropylene test tube and then analyzed
ith ICP-MS.
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occurs through ion exchange mechanism. Moreover, the adsorbed
Hg on CCTS could not be removed with nitric acid, and thus the
addition of thiourea into the eluent was necessary [13]. Another
work on mercury preconcentration by using YPA4 chelating resin
Fig. 2. Adsorption of various elements on CCTS-TAA. Sample: 2.5 mL of

. Results and discussion

.1. Characteristics of CCTS-TAA

The products obtained from each synthesis step were char-
cterized by measuring their IR spectra. The peak at 894 cm−1

n the spectrum of cross-linked chitosan confirms the N–H wag-
ing of the amino group. This band intensity was decreased when
he extension arm of epibromohydrin was attached through the
mino group. In CCTS-epibromohydrin, the peak C–Br can be
learly observed in 500–600 cm−1. The intensity of this peak was
ecreased in the spectra of final product which indicate that
he substitution of bromo group by tris(2-aminoethyl)amine was
ccurred in the reaction.

.2. Adsorption of metal ions on CCTS-TAA

The result of CCTS-TAA adsorption behavior study is summa-
ized in Fig. 2, expressed as the recovery of each 10 �g L−1 of 57
lements when the adsorption was carried out in various pH.

CCTS-TAA has a good affinity toward Cr, Co, Cu, Ag, Al, Ga, In,
i, and Hg, of which Co, Cu, Ag, and Hg can be expected due to the
resence of amine group. The affinity toward Cr, Al, Ga, In, and Bi

s extraordinary from the view-point of chelating mechanism. One
ossibility for such affinity is considered from the ion exchange
echanism, in which anionic species can be trapped on the posi-

ively charged amino groups: Cr species, as well as Al, Ga, In, and Bi

re possibly present as an anionic species in alkaline solution.

It is well known that N and S ligands possess affinity to adsorb
g2+ which belongs to group III “soft” cation. Although S ligand
ossess better affinity to bind soft cation compared to N, usually
he retention of soft cation on S ligand is so strong that a com-
n containing 10 ppb of various elements; Elution: 2.5 mL of 2 M HNO3.

lexing agent is necessary for elution [22]. The CCTS-TAA possesses
ertiary amine and primary amine which can serve as a ligand for
g complexation under moderate affinity. Compared to primary
mine, tertiary amine has a higher affinity and selectivity for Hg(II)
n aqueous solution [6]. The proposed chelation structure of Hg by
CTS-TAA is shown in Fig. 3.

The adsorption of Hg on CCTS-TAA can be carried out in wide
H range (pH ≥ 3) with excellent recovery value when 2 M nitric
cid was used as the eluent. Although CCTS itself was reported
o have a good adsorption toward mercury, the adsorption only
akes place when sample was prepared in HCl solution [13]. In
hat case, Hg forms stable complex with Cl−, and the adsorption
Fig. 3. Proposed structure of Hg chelation on CCTS-TAA.
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ig. 4. Peak profile of 5 ng mL−1 Hg obtained by using Auto-Pret AES system with
CTS-TAA. Sample: 5 mL; Eluent: 0.5 mL of 2 M HNO3; Sample flow rate: 30 �L s−1;
luent flow rate: 30 �L s−1.

as also reported to require thiourea addition into the eluent [23].
n CCTS-TAA, it was found that the elution of adsorbed Hg can be
asily carried out by using 2 M nitric acid without any addition of
omplexing agent. The resin cannot adsorb Hg at pH lower than 3,
hich indicates that Hg could be easily desorbed by using strong

cid.

.3. On-line collection/concentration and determination of Hg
ith CCTS-TAA and Auto-Pret AES system

The possibility for applying CCTS-TAA to Hg collec-
ion/concentration and determination using Auto-Pret AES system
as investigated. The result showed that a good peak profile was
bserved when a solution containing 5 ng mL−1 Hg was used as
sample, as shown in Fig. 4. The tailing signal, which appeared

fter the sharp peak, was a result from the common memory effect
f Hg on ICP-AES. However, the signal reproducibility is enough
or reproducible measurement of Hg and the signal rapidly went
own to baseline during the process of preconcentration of the
ext sample, and thus the next measurement sequence should not
e affected by such drawback.

The limit of detection (LOD) corresponding to S/N = 3 for Hg
easurement was found to be 0.1 ng mL−1 for 5 mL of sample,

nd lower LOD can be expected when larger volume of sample
s used. This LOD is lower compared to another work which uti-

ize Hg-imprinted thiol functional sorbent with the same detector
8]. Another work on sequential cloud-point extraction method
y using the same detector was reported to have lower LOD, but
he extraction procedure was tend to be laborious and more time-
onsuming [24,25].

[
[
[
[
[

(2008) 1256–1260

. Conclusion

A novel chitosan resin functionalized with tris(2-aminoethyl)
mine moiety was synthesized, and its ability to adsorb Hg at
arious pH was examined. The synthesized resin showed good
dsorption toward Hg in wide pH range (pH ≥ 3) with excellent
ecovery value when 2 M of HNO3 was used as the eluent. Com-
ared to Hg adsorption on CCTS, the adsorbed Hg on CCTS-TAA can
e easily eluted by using HNO3 without any addition of complex-

ng agent. The proposed method has showed that CCTS-TAA which
as packed in a mini-column and then installed on Auto-Pret AES

ystem can be applied to the on-line collection/concentration and
etermination of trace amounts of Hg.
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