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a b s t r a c t

A new method that utilizes ethylenediamine-modified multiwalled carbon nanotubes as a solid-phase
extractant has been developed for simultaneous preconcentration of trace Cr(III), Fe(III) and Pb(II) prior
to the measurement by inductively coupled plasma optical emission spectrometry. Identification of the
surface modification was characterized and performed on the basis of transmission electron microscopy,
Fourier transform infrared spectra and elemental analysis. The separation/preconcentration conditions of
eywords:
odified multiwalled carbon nanotubes

thylenediamine
etal ions

olid-phase extraction (SPE)
CP-OES

analytes were investigated, including the pH value, the shaking time, the sample flow rate and volume, the
elution condition and the interfering ions. The maximum adsorption capacity of the adsorbent at optimum
conditions was found to be 39.58, 28.69 and 54.48 mg g−1 for Cr(III), Fe(III) and Pb(II), respectively. The
detection limits of the method were under 0.35 ng mL−1 and the relative standard deviations were lower
than 3.5% (n = 11). The method was validated using a certified reference material, and has been applied
for the determination of trace Cr(III), Fe(III) and Pb(II) in biological and natural water samples with

satisfactory results.

. Introduction

The determination of metal ions at trace level is very important
n the content of environmental protection, food and agricul-
ural chemistry as well as high purity materials. However, the
irect determination of metal ions in complex matrices is limited
ue to their usually low concentrations and matrix interfer-
nces. In trace analysis, therefore, a preconcentration and/or
eparation is necessary to improve sensitivity and selectivity of
etermination.

Recently, Solid-phase extraction (SPE) is the most common
echnique used for preconcentration of analytes in environmen-
al water because of its advantages of high enrichment factor,
igh recovery, rapid phase separation, low cost, low consumption
f organic solvents and the ability of combination with differ-
nt detection techniques in the form of on-line or off-line mode
1,2].

In SPE procedure, the choice of appropriate adsorbent is a critical

actor to obtain full recovery and high enrichment factor [3,4]. Since
arbon nanotubes (CNTs) were discovered by Iijima [5], they have
ome under intense multidisciplinary study because of their unique
hysical and chemical properties and their possible applications.

∗ Corresponding author. Tel.: +86 931 891 2422; fax: +86 931 891 2582.
E-mail address: li zhh06@lzu.cn (X. Chang).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.07.078
© 2009 Elsevier B.V. All rights reserved.

CNTs include single-walled carbon nanotubes (SWCNTs) and mul-
tiwalled carbon nanotubes (MWCNTs) dependent on the number
of layers comprising them. Due to their unique characteristic and
strong adsorption ability [6,7], MWCNTs and oxidized-MWCNTs
have been used as adsorbent for preconcentration of many kinds
of pollutants such as bisphenol A, 4-n-nonylphenol and 4-tert-
octylphenol [2], pesticides [8], sulfonamides [9], phenols [7],
herbicides [10], diazinon [11], dichlorodiphenyltrichloroethane
[12], tetracyclines [13], organometals [14] and metal ions [15–19].
However, the selectivity of the raw or oxidized-MCWNTs for SPE
is quite limited, especially for metal ions [20]. MWCNTs modified
with some organic compounds are expected to be more selective
than untreated and oxidized-MWCNTs for the solid-phase extrac-
tion of metal ions. However, to the best of our knowledge, few such
studies have been reported so far.

In this work, we report the synthesis, characterization and
application of ethylenediamine-modified multiwalled carbon nan-
otubes (MWCNTs-EDA) as selective sorbent in SPE for separation
and preconcentration of Cr(III), Fe(III) and Pb(II). The new adsor-
bent of MWCNTs-EDA has a high adsorption capacity for SPE of
Cr(III), Fe(III) and Pb(II) present in the water samples. Parameters

that can affect the adsorption and elution efficiency of the metal
ions were studied in batch and column modes. Then, the method
was validated by analyzing the standard reference material (GBW
08301, river sediment) and applied to the analysis of water samples
with satisfactory results.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:li_zhh06@lzu.cn
dx.doi.org/10.1016/j.jhazmat.2009.07.078
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. Experimental

.1. Chemicals and reagents

Reagents of analytical and spectral purity were used for
ll experiments and doubly distilled deionized water was used
hroughout. Standard labware and glassware used were repeat-
dly cleaned with HNO3 and rinsed with double distilled water,
ccording to a published procedure [21].

Standard stock solutions of Cr(III), Fe(III) and Pb(II) (1 mg mL−1)
ere prepared by dissolving spectral pure grade chemicals
rCl3·6H2O, FeCl3·6H2O and Pb(NO3)2 (The First Reagent Factory,
hanghai, China) in double distilled water with the addition of
ydrochloric acid (The First Reagent Factory, Shanghai, China)
nd further diluted daily prior to use. MWCNTs used in the
xperiment were bought from Chengdu Institute of Organic
hemistry, Chinese Academy of Sciences (Chengdu, China). The

engths of MWCNTs range from 10 to 50 �m and outer diam-
ters are in the range of 15–65 nm. The special surface area
nd thermal conductivity of the MWCNTs are 40–300 m2 g−1 and
2000 W (mK)−1 (Watt per meter-Kelvin), respectively. Ethylene-
iamine (EDA) (The First Reagent Factory, Shanghai, China)
nd N,N′-dicyclohexylcarbodiimide (DCC) (Sinopharm Chemcial
eagent Co. Ltd., Shanghai, China) were used in this work. The stan-
ard reference material (GBW 08301, river sediment) was provided
y the National Research Center for Certified Reference Materials
Beijing, China).

.2. Instruments and apparatus

An Iris Advantage ER/S inductively coupled plasma emission
pectrometer, Thermo Jarrel Ash (Franklin, MA, USA) was used
or all metal ions determination. The instrumental parameters
ere those recommended by the manufacturer. The wave-

engths selected were as follows: Cr 283.563, Fe 259.940, and Pb
16.999 nm. A pHs-3C digital pH meter, Shanghai Lei Ci Device
orks (Shanghai, China) was used for the pH adjustments. Infrared

pectra (4000–400 cm−1) in KBr were recorded on a Nicolet
EXUS 670 fourier transform infrared (FT-IR) spectrometer, Nicolet

Madison, WI, USA). The transmission electron microscopy (TEM)
mages were obtained using a high resolution transmission electron

icroscopy (JOEL JEM2010 HRTEM) at 200 kV. A VarioEL element
nalyzer, Elementar Analysen-systeme GmbH (Hanau, Germany),
as used for elemental analysis. An YL-110 peristaltic pump, Gen-

ral Research Institute for Non-ferrous Metals (Beijing, China)
as used in the column process. A PTFE (polytetrafluoroethylene)

olumn (50 mm × 9.0 mm i.d, Tianjin Jinteng Instrument Factory,
ianjin, China) was used.
.3. Sample preparation

River water was collected from Yellow River, Lanzhou, China.
he water samples were filtered through a 0.45 �m PTFE millipore

Fig. 1. Synthesis route o
aterials 172 (2009) 958–963 959

filter, and acidified to a pH of about 2 with concentrated HCl prior
to storage for use.

Balsam pear leaves were obtained from Anning village, Lanzhou,
China. Balsam pear leaves were dried in an oven at 80 ◦C to con-
stant weight. 1.0 g balsam pear leaves’ sample was weighted and
transferred into a digestion tube, and then 5 mL of concentrated
HNO3 was added into it. The tube was left at room temperature for
one night. Then it was placed in a digester block and heated slowly
until the temperature was up to 165 ◦C. This temperature was main-
tained until the evolution of the brown fumes ceased. After the tube
was cooled down, 1.3 mL perchloric acid was added into it. Then the
temperature was raised to 210 ◦C until evolution of white fumes
began. The volume was adjusted to 100 mL with double distilled
water when the tube was cooled down [22]. The certified reference
material (GBW 08301, river sediment) was digested according to
literature [23].

2.4. Synthesis

2.4.1. Synthesis of carboxylic derivative of multiwalled carbon
nanotubes (MWCNTs-COOH)

MWCNTs were first purified with HCl (10%) for 24 h so as to
remove the metal ions and other impurities sorbed on it. Then 5.0 g
of purified MWCNTs was suspended in 400 mL of concentrated
HNO3 and refluxed for 12 h with vigorous stirring. The product
(MWCNTs-COOH) was filtered through a 1.2-�m filter, washed
with deionized water to neutral and dried under vacuum at 80 ◦C
for 8 h.

2.4.2. Synthesis of MWCNTs-EDA
For the synthesis of MWCNTs-EDA, a 4.0 g amount of MWCNTs-

COOH was suspended in 150 mL of EDA under stirring and heating,
then 5.0 g of DCC was added into the suspension and refluxed for
48 h [24]. The product (MWCNTs-EDA) was filtered off, washed
with ethanol and dried in an oven at 80 ◦C for 8 h. The synthesis
route of MWCNTs-EDA is illustrated in Fig. 1.

2.5. Procedures

2.5.1. Batch method
A series of standards or sample solutions containing Cr(III),

Fe(III) and Pb(II) was transferred into a 25 mL beaker, and the pH
value was adjusted to the desired value with 0.1 mol L−1 HCl and
0.1 mol L−1 NH3·H2O. Then the volume was adjusted to 10 mL with
double distilled water. 20 mg of MWCNTs-EDA was added, and the
mixture was shaken vigorously for 10 min to facilitate adsorption
of the metal ions onto the adsorbents. The concentrations of the
metal ions in the solution were directly determined by inductively

coupled plasma optical emission spectrometry (ICP-OES).

2.5.2. Column SPE procedure
50 mg of MWCNTs-EDA was packed in the PTFE column plugged

with a small portion of glass wool at both ends. Prior to use,

f MWCNTs-EDA.
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40 min) was studied for the percentage extraction of Cr(III), Fe(III)
and Pb(II) by MWCNTs-EDA. As shown in Fig. 5, the adsorption of
Cr(III), Fe(III) and Pb(II) was over 95% sorption during the first 2 min.
It indicated that kinetics of equilibrium is very fast.
Fig. 2. TEM images of MWCNTs (a), M

.5 mol L−1 HCl and doubly distilled deionized water were suc-
essively passed through the microcolumn in order to equilibrate,
lean and neutralize it. Portions of aqueous standard or sample
olutions containing Cr(III), Fe(III) and Pb(II) were prepared, and
he pH value was adjusted to the desired pH value with 0.10 mol L−1

f HCl or 0.10 mol L−1 NH3·H2O. Each solution was passed through
he column at a flow rate of 4.0 mL min−1 by a peristaltic pump.
fterwards, the metal ions retained on column were eluted with
.0 mol L−1 HCl and the analytes in the elution were determined by
CP-OES.

. Results and discussion

.1. Characteristic of the raw MWCNTs, MWCNTs-COOH and
WCNTs-EDA

TEM was conducted to characterize the raw MWCNTs,
WCNTs-COOH and MWCNTs-EDA. The representative TEM

mages were shown in Fig. 2. The raw MWCNTs are highly entangled
y van deer Waals force to form a dense, robust, network structure
see Fig. 2a). In contrast, the observed length of MWCNTs-COOH

aterials (see Fig. 2b) was relatively shorter and their dispersing
roperty was better than MWCNTs in ethanol. When MWCNTs-
OOH was modified by EDA (see Fig. 2c), it was obvious that the
iameter of MWCNTs-EDA (50–80 nm) appeared wider than those
f MWCNTs and MWCNTs-COOH (15–65 nm). The result indicated
hat EDA was grafted on the MWCNTs surface.

The modified MWCNTs were also confirmed by FT-IR analysis, as
hown in Fig. 3. Comparison of the FT-IR spectra of MWCNTs-COOH
ith MWCNTs, a new bang (1723 cm−1) appeared in MWCNTs-
OOH due to C O stretching vibration of the carboxylic acid group,
hich indicated the carboxylic derivative of MWCNTs was pre-
ared successfully. When MWCNTs-COOH was modified by EDA,
everal new peaks appeared in the spectrum. According to the
iterature [25,26], the new peaks can be assigned as follows: the
eak at 1655 cm−1 is due to C O stretching vibration. The peak at
563 cm−1 is caused by C–N stretching vibration and N–H bending
ibration.

Elemental analysis indicated 56.49% carbon, 6.560% nitrogen
nd 1.957% hydrogen in MWCNTs-EDA. It could be calculated that
g MWCNTs contained 0.141 g EDA and 0.0376 g NH2-groups.

Consequently, the above experimental results suggest that
WCNTs are successfully modified by EDA.

.2. Effect of pH

The acidity of a solution has two effects on metal adsorption.

irstly, protons in acid solution can protonate binding sites of the
helating molecules. Secondly, hydroxide in basic solution may
omplex and precipitate many metals. Therefore, pH of a solu-
ion is the first parameter to be optimized. The reaction between
r(III), Fe(III) and Pb(II) and the adsorbent (MWCNTs-EDA) can
Ts-COOH (b) and MWCNTs-EDA (c).

be influenced by changes of pH value. In order to determine this
parameter, the effect of the pH on Cr(III), Fe(III) and Pb(II) adsorp-
tion onto MWCNTs-EDA was investigated over the range from 1
to 7 using the batch procedure. The adsorption experiments were
in triplicates. It can be seen from Fig. 4, the adsorption quantity
of Cr(III), Fe(III) and Pb(II) increases with the increase in pH value
in the studied pH ranges. Below pH 2.0, the adsorption quantity
of investigated metal ions was very low which is attributed to the
protonation of the adsorbent, but the adsorption rate is increasing
rapidly above pH 2.0; above pH 4.0, the increasing rate is relatively
very slow, the adsorption capacity is near the maximum capacity.
At pH 4.0 it was possible to carry out the determination of Cr(III),
Fe(III) and Pb(II). So, pH 4.0 was chosen as the optimum pH for
further studies.

3.3. Effect of shaking time

The shaking time is an important factor in determining the pos-
sibility of application of MWCNTs-EDA for the selective extraction
of metal ions. In this work, different shaking time (range from 2 to
Fig. 3. FT-IR spectra of MWCNTs (a), MWCNTs-COOH (b) and MWCNTs-EDA (c).
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ig. 4. Effect of pH on adsorption of 1.0 �g mL−1 Cr(III), Fe(III) and Pb(II) on
WCNTs-EDA. Other conditions: shaking time 10 min, temperature 25 ◦C.

.4. Effect of flow rate

In a SPE system, the flow rate of sample solution not only
ffects the recoveries of analytes, but also controls the analysis
ime. Therefore, the effect of the flow rate of sample solution
as examined under the optimum conditions (pH, eluent, etc.) by
assing 50 mL of sample solution through the microcolumn with
peristaltic pump. The flow rates were adjusted in a range of

.5–6.0 mL min−1. As shown in Fig. 6, it was found that the retention
f the studied ions was practically not changed up to 4.0 mL min−1

ow rate. The recoveries of the analytes decrease slightly when the
ow rate is over 4.0 mL min−1. Thus, a flow rate of 4.0 mL min−1 is
mployed in this work.

.5. Elution condition, maximum sample volume and enrichment
actor

The elution condition was studied by using various concentra-
ions and volumes of HCl for the desorption of retained Cr(III), Fe(III)

−1
nd Pb(II). The obtained results showed that 2.0 mL of 1.0 mol L
Cl was sufficient for complete elution for all metal ions. So, 2.0 mL
f 1.0 mol L−1 HCl was used as eluent in further experiments.

To obtain reliable and reproducible analytical results and a high
oncentration factor, it is very important to get satisfactory recov-

ig. 5. Effect of shaking time on adsorption of 1.0 �g mL−1 Cr(III), Fe(III) and Pb(II)
n MWCNTs-EDA. Other conditions: pH 4.0, temperature 25 ◦C.
Fig. 6. Effect of solution flow rates on adsorption of Cr(III), Fe(III) and Pb(II). Other
conditions: 50 mg of MWCNTs-EDA, volume 50 mL, pH 4.0, and temperature 25 ◦C.

eries for all the compounds studied in as large a volume of sample
solutions as possible. So it is necessary to obtain the maximum
volume in the SPE. To determine the maximum volume, differ-
ent volumes of purified water at pH 4.0 were spiked with the
three metal ions at 1.0 �g mL−1 concentration levels. Following the
experimental procedure, the recoveries of the three analytes at dif-
ferent volumes were obtained. The effects of sample volumes on
the recoveries of the three analytes are shown in Fig. 7. The results
showed that the maximum sample volume could be up to 400 mL
with the recovery >95%. Therefore, 400 mL of sample solution was
adopted for the preconcentration of analytes from sample solu-
tions. And a high enrichment factor of 200 was obtained because
2.0 mL of 1.0 mol L−1 HCl was used as eluent in these experiments.

3.6. Adsorption capacities

The capacity study was adopted from the paper recommended
by Maquieira et al. [27]. 10 mL of Cr(III) and Pb(II) sample solutions
of a series of concentrations (10–300 �g mL−1) and 10 �g mL−1of
Fe(III) of a series of volumes (50–400 mL) were adjusted to

the appropriate pH. The proposed separation and preconcentra-
tion procedures (batch method) described above were applied.
A breakthrough curve was gained by plotting the concentration
(�g mL−1) or volume (mL) vs. the micrograms of Cr(III), Fe(III)

Fig. 7. Effect of the sample volume on adsorption of 1.0 �g mL−1 Cr(III), Fe(III) and
Pb(II). Other conditions: 50 mg of MWCNTs-EDA, pH 4.0, and temperature 25 ◦C.
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Table 1
Analysis results for the determination of Cr(III), Fe(III) and Pb(II) in standard refer-
ence material (GBW 08301, river sediment) and biological samples.

Ion Found by present
methoda (�g g−1)

Certified value (�g g−1)

Cr(III) 89 ± 1.7 90 ± 8.0
Fe(III) 38.8 ± 2.5 39.4 ± 0.12
Pb(II) 78 ± 3.1 79 ± 6.0

Balsam pear leaves
Cr(III) 0.39 ± 0.20 0.40 ± 0.15
Fe(III) 3.60 ± 0.12 3.56 ± 0.17
Pb(II) 0.61 ± 0.09 0.60 ± 0.11

a The value following “ ± ” is the standard deviation (n = 3).

Table 2
Analytical results for the determination of Cr(III), Fe(III) and Pb(II) in Yellow River
samples.

Ion Added (�g L−1) Founda (�g L−1) Recovery (%) RSD (%)

Yellow River water
Cr(III) 0 3.39 ± 0.17

5 8.41 ± 0.08 100.2 3.8
10 13.27 ± 0.14 99.1 2.2

Fe(III) 0 5.82 ± 0.11
5 10.78 ± 0.20 99.6 1.7

10 15.80 ± 0.15 99.8 2.5

Pb(II) 0 6.77 ± 0.18
ig. 8. Effect of initial concentration (C0) of Cr(III) and Pb(II) on the adsorption
uantity(Q) of MWCNTs-EDA. pH 4.0; sample volume 10 mL; temperature 25 ◦C.

nd Pb(II) adsorbed per gram of MWCNTs-EDA (Figs. 8 and 9).
rom the breakthrough curve, the maximum adsorption capaci-
ies of MWCNTs-EDA for Cr(III), Fe(III) and Pb(II) are found to be
9.58, 28.69 and 54.48 mg g−1 at pH 4.0, respectively. However,
r(III), Fe(III) and Pb(II) ions were adsorbed poorly on untreated and
xidized-MWCNTs at pH 4. The results showed that MWCNTs-EDA
ad a high adsorption capacity for Cr(III), Fe(III) and Pb(II).

.7. Effects of coexisting ions

The effects of common coexisting ions on the adsorption of
r(III), Fe(III) and Pb(II) on MWCNTs-EDA were investigated. In
hese experiments, solutions of 1.0 �g mL−1 of Cr(III), Fe(III) and
b(II) containing the added interfering ions were treated accord-
ng to the recommended procedure. The tolerance limit was set as
he amount of ions causing recoveries of the examined elements
o be less than 90%. The results showed that in excess of 2000-fold
(I), Na(I), Ca(II), Mg(II), NH4

+; 100-fold Mn(II), Co(II), Ni(II), Cu(II),
n(II), Cd(II), Hg(II) ions had no significant interferences in the pre-
oncentration and determination of the analyses. This is due to the
ow adsorbing capacity or rates for interfering ions. It can be seen

hat the presence of major coexisting ions has no obvious influences
n the determination of Cr(III), Fe(III) and Pb(II) under the selected
onditions.

ig. 9. Effect of initial volume (V0) of Fe(III) on the adsorption quantity(Q) of
WCNTs-EDA. pH 4.0; sample concentration 10 �g mL−1; temperature 25 ◦C.
5 11.70 ± 0.06 99.4 4.1
10 16.58 ± 0.13 98.9 3.6

a The value following “ ± ” is the standard deviation (n = 5).

3.8. Detection limits and precision

The detection limits (evaluated as the concentration corre-
sponding to the three times the standard deviation of 11 runs of
the blank solution) of the method were found to be 0.24, 0.19, and
0.33 ng mL−1 for Cr(III), Fe(III) and Pb(II), respectively. The relative
standard deviations (RSDs) of the eleven replicate determinations
were lower than 3.5% (Cr(III): 2.7%; Fe(III): 3.0%; Pb(II): 1.9%), which
indicated that the method had good precision for the analysis of
trace Cr(III), Fe(III) and Pb(II) in solution samples.

3.9. Application of the method

The proposed method has been applied to the determination
of trace Cr(III), Fe(III) and Pb(II) in standard material (GBW 08301,
river sediment), balsam pear leaves and Yellow River water sam-
ples. The results were listed in Tables 1 and 2. The analytical results
for the standard material were in good agreement with the certi-
fied values. The analytical results for balsam pear leaves were in
agreement with the electrothermal atomic absorption spectrome-
try (ET-AAS) method. For the analysis of natural Yellow River water
and tap water samples, the standard addition method was used, the
recoveries of analytes were in the range of 98–101%. These results
indicated the suitability of MWCNTs-EDA for selective SPE and
determination of trace Cr(III), Fe(III) and Pb(II) in environmental
samples.

4. Conclusions

Thus, a selective and sensitive method for the determination
of trace levels of Cr(III), Fe(III) and Pb(II) was developed using EDA

modified MWCNTs as a solid-phase extractant. The most important
characteristic of MWCNTs-EDA is its excellent selectivety towards
Cr(III), Fe(III) and Pb(II) over other ions. In addition, the preparation
of EDA modified MWCNTs is relatively simple and rapid. As far as
we know, this is the first time that the oxidative surface modified



dous M

M
a
I
a
w
t
p

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

Z. Zang et al. / Journal of Hazar

WCNTs have been used as adsorbent for the SPE of Cr(III), Fe(III)
nd Pb(II) from aqueous solutions before they are analyzed by
CP-OES. The results show that the modified MWCNTs have high
nalytical potential for preconcentration of trace metal ions from
ater samples. In this work, we have preliminarily demonstrated

hat as promising adsorbents, the modified MWCNTs have great
otential for SPE of some metal ions.

eferences

[1] K. Pyrzynska, Functionalized cellulose sorbents for on-line preconcentration
of trace metals for environmental analysis, Crit. Rev. Anal. Chem. 29 (1999)
313–321.

[2] Y.Q. Cai, G.B. Jiang, J.F. Liu, Q.X. Zhou, Multiwalled carbon nanotubes as a
solid-phase extraction adsorbent for the determination of bisphenol A, 4-n-
nonylphenol, and 4-tert-octylphenol, Anal. Chem. 75 (2003) 2517–2521.

[3] C.F. Poole, New trends in solid-phase, extraction, Trends Anal. Chem. 22 (2003)
362–373.

[4] J.R. Dean, Extraction Methods for Environmental Analysis, Wiley, New York,
1998.

[5] S. Iijima, Helical microtubules of graphitic carbon, Nature 354 (1991) 56–58.
[6] C. Saridara, R. Brukh, Z. Iqbal, S. Mitra, Preconcentration of volatile organics

on self-assembled, carbon nanotubes in a microtrap, Anal. Chem. 77 (2005)
1183–1187.

[7] X.Y. Liu, Y.S. Ji, Y.H. Zhang, H.X. Zhang, M.C. Liu, Oxidized multiwalled carbon
nanotubes as a novel solid-phase microextraction fiber for determination of
phenols in aqueous samples, J. Chromatogr. A 1165 (2007) 10–17.

[8] A.H. El-Sheikh, A.A. Insisi, J.A. Sweileh, Effect of oxidation and dimensions of
multi-walled carbon nanotubes on solid phase extraction and enrichment of
some pesticides from environmental waters prior to their simultaneous deter-
mination by high performance liquid chromatography, J. Chromatogr. A 1164
(2007) 25–32.

[9] G.Z. Fang, J.X. He, S. Wang, Multiwalled carbon nanotubes as sorbent for on-line
coupling of solid-phase extraction to high-performance liquid chromatogra-
phy for simultaneous determination of 10 sulfonamides in eggs and pork, J.
Chromatogr. A 1127 (2006) 12–17.

10] Q.X. Zhou, W.D. Wang, J.P. Xiao, Preconcentration and determination of nicosul-
furon, thifensulfuron-methyl and metsulfuron-methyl in water samples using
carbon nanotubes packed cartridge in combination with high performance

liquid chromatography, Anal. Chim. Acta 559 (2006) 200–206.

11] H. Katsumata, T. Matsumoto, S. Kaneco, T. Suzuki, K. Ohta, Preconcentration of
diazinon using multiwalled carbon nanotubes as solid-phase extraction adsor-
bents, Microchem. J. 88 (2008) 82–86.

12] Q.X. Zhou, J.P. Xiao, W.D. Wang, Using multi-walled carbon nanotubes as solid
phase extraction adsorbents to determine dichlorodiphenyltrichloroethane

[

[

aterials 172 (2009) 958–963 963

and its metabolites at trace level in water samples by high performance liquid
chromatography with UV detection, J. Chromatogr. A 1125 (2006) 152–158.

13] B. Suarez, B. Santos, B.M. Simonet, S. Cardenas, M. Valcarcel, M. Valcarcel,
Solid-phase extraction-capillary electrophoresis-mass spectrometry for the
determination of tetracyclines residues in surface water by using carbon nan-
otubes as sorbent material, J. Chromatogr. A 1175 (2007) 127–132.

14] J. Munoz, M. Gallego, M. Valcarcel, Speciation of organometallic compounds in
environmetal samples by gas chromatography after flow preconcentration on
fullerenes and nanotubes, Anal. Chem. 77 (2005) 5389–5395.

15] A.H. El-Sheikh, J.A. Sweileh, Y.S. Al-Degs, Effect of dimensions of multi-walled
carbon nanotubes on its enrichment efficiency of metal ions from environmen-
tal waters, Anal. Chim. Acta 604 (2007) 119–126.

16] A.H. El-Sheikh, Effect of oxidation of activated carbon on its enrichment effi-
ciency of metal ions: comparison with oxidized and non-oxidized multi-walled
carbon nanotubes, Talanta 75 (2008) 127–134.

17] Y.H. Li, S. Wang, Z. Luan, J. Ding, C. Xu, D. Wu, Adsorption of cadmium(II)
from aqueous solution by surface oxidized carbon nanotubes, Carbon 41 (2003)
1057–1062.

18] A. Stafiej, K. Pyrzynska, Solid phase extraction of metal ions using carbon nan-
otubes, Microchem. Microchem. J. 89 (2008) 29–33.

19] P. Liang, Y. Liu, L. Guo, Determination of trace rare earth elements by induc-
tively coupled plasma atomic emission spectrometry after preconcentration
with multiwalled carbon nanotubes, Spectrochim. Acta B 60 (2005) 125–129.

20] Y. Liu, Y. Li, X.P. Yan, Preparation, characterization, and application of L-Cysteine
functionalized multiwalled carbon nanotubes as a selective sorbent for sep-
aration and preconcentration of heavy metals, Adv. Funct. Mater. 18 (2008)
1536–1543.

21] D.P.H. Laxen, R.M. Harrison, Cleaning methods for polythene containers prior
to the determination of trace metals in fresh water samples, Anal. Chem. 53
(1981) 345–350.

22] E.S. Miranda Carlos, B.F. Reis, N. Baccan, A.P. Packer, M.F. Gine, Automated flow
analysis system based on multicommutation for Cd, Ni and Pb on-line pre-
concentration in a cationic exchange resin with determination by inductively
coupled plasma atomic emission spectrometry, Anal. Chim. Acta 453 (2002)
301–310.

23] Y.W. Liu, X.J. Chang, Y. Guo, S.M. Meng, Biosorption and preconcentration of
lead and cadmium on waste Chinese herb Pang Da Hai, J. Hazard. Mater. B 135
(2006) 389–394.

24] G.J. Wang, J.L. Guo, Z.H. Qu, Influence of carbon nanotubes modified with
ethylenediamine on mechanic properties of epoxy resin, FRP/CM 34 (2006)
16–19.

25] H.T. Tang, Organic Compound Spectra Determination, Publishing house of Bei-

jing University, Beijing, 1992, pp. 124–159.

26] Q.N. Dong, IR Spectrum Method, Publishing house of the Chemical Industry,
Beijing, 1979, pp. 104–168.

27] A. Maquieira, H.A.M. Elmahadi, R. Puchades, Immobilized cyanobacteria for
online trace metal enrichment by Flow Injection Atomic Absorption Spectrom-
etry, Anal. Chem. 66 (1994) 3632–3638.


	Synthesis, characterization and application of ethylenediamine-modified multiwalled carbon nanotubes for selective solid-phase extraction and preconcentration of metal ions
	Introduction
	Experimental
	Chemicals and reagents
	Instruments and apparatus
	Sample preparation
	Synthesis
	Synthesis of carboxylic derivative of multiwalled carbon nanotubes (MWCNTs-COOH)
	Synthesis of MWCNTs-EDA

	Procedures
	Batch method
	Column SPE procedure


	Results and discussion
	Characteristic of the raw MWCNTs, MWCNTs-COOH and MWCNTs-EDA
	Effect of pH
	Effect of shaking time
	Effect of flow rate
	Elution condition, maximum sample volume and enrichment factor
	Adsorption capacities
	Effects of coexisting ions
	Detection limits and precision
	Application of the method

	Conclusions
	References


