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Abstract A magnetic nanocomposite (m-NC) was prepared
from halloysite nanotubes and magnetite (Fe3O4) by chemical
precipitation and used as an effective sorbent for
preconcentration of trace quantities of cadmium(II). The m-
NC was characterized by Fourier transform infrared spectros-
copy, X-ray diffraction, scanning electron microscopy and
energy dispersive X-ray spectroscopy. Preconcentration is
based on the adsorption of the cationic Cd(II)-1,10-
phenanthroline complex on the negatively charged m-NC.
Parameters that affect complex formation and subsequent ad-
sorption and desorption were optimized. The preconcentration
factor is 50. Cd(II) was then quantified by flame AAS. The
c a l i b r a t i o n g r a p h i s l i n e a r i n t h e 0 . 5 t o
50 μg L‾1concentration range, and the detection limit is
0.27 μg L−1. The method was applied to the determination
of traces of Cd(II) in spiked waters, nail and hair samples.
Recoveries ranged from 96.7 to 104.2 %.

Keywords Magnetic compositeNanocomposite . Halloysite
nanotubes .Magnetic solid phase extraction . Cadmium .
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Introduction

Cadmium is one of the most toxic heavy metal elements
which occurs in the earth’s crust and ocean water. It is intro-
duced into the environment by natural phenomena like volca-
nic eruptions and forest fires and anthropogenic sources like
manufacture and application of phosphate fertilizers and fossil
fuel. Cadmium from polluted soil and water can accumulate in
plants and organisms, thus entering the food supply. Eating
food or drinking water with high cadmium levels severely
irritates the stomach, leading to vomiting and diarrhea, and
sometimes death. Uptake of lower levels of cadmium over a
long period of time can lead to a build-up of cadmium in the
kidneys that will damage the kidneys and also cause bones to
become fragile and break easily. Cadmium levels in hair, nail,
blood, urine, kidney and other tissues have been used as bio-
logical indicators of exposure to cadmium. The normal con-
centration of Cd in biological samples ranges from
subnanograms per milliliter to a few nanograms per milliliter
in biological fluid and up to micrograms-per-gram level in
some tissues. For example the reference values reported for
hair, nails and kidney are in the ranges of 0.025–8.73, 0.08–
2.6 and 1.67–22 μg g−1, respectively [1]. EPA requires water
suppliers to limit cadmium concentration in water to <5μg
L−1 [2]. Therefore, there is a permanent demand for reliable
analytical methods for determination of ultra-traces of cadmi-
um in natural and biological samples.

Flame atomic absorption spectrometry (FAAS) is the most
commonly-employed technique for determination of trace el-
ements due to its high selectivity, speed and low operational
cost. However, direct determination of metal ions in complex
matrices is limited due to their low concentrations in a com-
plicated matrix, so enrichment and separation procedures are
often required before determination by FAAS [3]. There are
many methods for separation and preconcentration of metal
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ions, which among them, solid phase extraction (SPE) is com-
monly used, and is a very favorable technique. The choice of
appropriate sorbent is a critical factor to obtain selective ad-
sorption, good recovery and high enrichment factor in SPE
procedure.

Recently, magnetic solid-phase extraction (MSPE) has
attracted significant attentions due to the advantages of
both nano-sized materials and magnetic separation tech-
niques [4]. Common magnetic nano-sized materials in-
clude magnetite [5] (Fe3O4) and maghemite [6] (γ-
Fe2O3). Incorporation of these particles with other func-
tionalized materials such as multi-walled carbon nano-
tubes [7], zeolites [8] and activated carbon [9] leads to
the effective sorbents for the removal of both organic
and inorganic pollutants. The unique properties of mag-
netic nano-sized materials including extremely small
size, high surface area-to-volume ratio and the absence
of internal diffusion resistance, provide better kinetics
for adsorption of metal ions from aqueous solution
[10, 11]. In MSPE, the sorbents are dispersed into sam-
ple solutions to achieve extraction and are easily isolat-
ed from suspension by the application of an external
magnetic field.

Halloysite nanotubes (HNTs), (Al2Si2O5(OH)4 .2H2O) a
type of naturally occurring clay minerals with nanotubular
structures, are increasingly becoming the focus of investiga-
tions [12]. The outer surface of the HNTs has properties sim-
ilar to SiO2 while the inner cylinder core is related to Al2O3.
HNTs like other clays can adsorb cationic species via ion
exchange reactions and by formation of inner-sphere and
outer-sphere complexes through Si-O− and Al-O− groups at
the clay structure [13]. Magnetic HNT composites have been
applied for removal of some dyes from aqueous solution [14,
15]. However, their application to preconcentration of metal
ions has not been reported till now.

The present paper reports the efficient preconcentration of
trace cadmium as cationic complex of 1,10-phenanthroline
(phen) on magnetic HNTs. Various influencing factors on
the preconcentration process were studied and the applicabil-
ity of the method for determination of trace cadmium in water
and food samples was examined.

Materials and methods

Reagents and solutions

All reagents were of analytical grade and doubly distilled de-
ionized water (obtained from Ghazi Serum Co., Tabriz, Iran)
was used for the preparation of all solutions.Working solution
of cadmiumwas prepared by diluting of 1000mgL−1 standard
atomic absorption solution (Merck, Darmstadt, Germany;
www.merck-chemicals.com). pH adjustments were

performed with 0.1 M HNO3 and NaOH (Merck). A 0.3 %
solution of phen was prepared by dissolving 0.3 g of 1,10-
phenanthroline (Merck) in 2.0 mL methanol and diluting to
100 mL with water. Halloysite nanotubes were purchased
from Sigma-Aldrich (St. Louis, USA; www. sigmaaldrich.
com). FeCl3.6H2O and FeSO4·7H2O were prepared from
Merck. A 1.0 M HNO3 solution was prepared by appropriate
dilution of concentrated HNO3 (Merck).

Instruments

An Analytik Jena flame atomic absorption spectrometer mod-
el Nov. 400 (Jena, Germany; www.analytik-jena.de) furnished
with an air–acetylene flame and a cadmium hollow cathode
lamp, operated at 3.0 mA, was used for Cd determination. The
instrument was set at a wavelength of 228.8 nm and slit width
of 1.2 nm. A Metrohm model 654 was used for pH
measurements. An ultrasonic bath (FALC, Italy; www.
falcinstruments.it) was used for agitating the solutions in
extraction processes (40 kHz, 100 W). The size and
structure of HNT–Fe3O4 were characterized by scanning
electronmicroscope (SEM) and energy dispersive X-ray spec-
troscopy (EDX) (Mira 3 FEG, Tescan Co., Czech Republic;
www.tescan.com). Fourier transform infrared (FTIR) spectra
were recorded by a Bruker Tensor-27 spectrometer (Germany;
www.bruker.com) using KBR pellet. An X-ray diffractometer
(Siemens D500, Germany; www.labx.com) equipped with Cu
Kα (λ=0.154 nm) was used to acquire the XRD patterns of
powdered samples. The magnetic properties of nanoparticles
were characterized by means of a vibrating sample
magnetometer (Meghnatis Kavir Co., Kashan, Iran) at room
temperature.

Preparation of HNT–Fe3O4

The HNT–Fe3O4 composite were synthesized according to
the literature with some modifications [15]. A suspension of
0.5 g of HNT in a 200 mL of solution containing 0.582 g
FeCl3·6H2O and 0.300 g FeSO4.7H2O refluxed at 70 °C for
1.5 h in an oil bath under N2 atmosphere. Then NH3 solution
(25 mL, 4 mol L−1) was added dropwise to prepare iron oxide.
The mixtures were aged at 70 °C for 1.5 h and then washed 3
times with distilled water. The obtained composites were dried
at room temperature for 24 h.

MSPE procedure

An aliquot of 100 mL of aqueous sample or standard solution
was transferred to a beaker and 3.0 mL of 0.3 % phen solution
was added to form the cadmium chelate and the pH was ad-
justed to 6.0 with 1.0 mL phosphate buffer (0.2 M). Then,
0.05 g of magnetic HNTs was added to the solution and placed
in an ultrasonic bath and sonicated for 5 min at 25 °C.
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Afterwards, a strong magnet (with strength of~0.4 Tesla) was
positioned at the bottom of the beaker and magnetic HNTs
were isolated from the suspension (which takes about
7 min). The preconcentrated target analyte was desorbed with
2.0 mL of 0.1 M HNO3 under sonication for 1 min. The
nanoparticles were isolated by the magnet in a very short time
(less than 1 min) and the final solution was analyzed by
FAAS.

Sample preparation

Water samples

Three water samples including tap water, spring water and
well water were selected and the developed method was ap-
plied to determine their cadmium content. Tap water was col-
lected from our laboratory (University of Tabriz, Tabriz, Iran)
and spring and well water was collected from environs of
Tabriz, Iran. The water samples were filtered through a
Millipore 0.45 μm pore-size membrane into polyethylene bot-
tles. Their pH values were adjusted to 6.0 by addition of phos-
phate buffer and analyzed according to the general procedure.
Recovery experiments were also conducted by spiking the

samples with appropriate amounts of cadmium, and determin-
ing their cadmium concentration by this method.

Biological samples

Human hair and fingernail samples were selected as typical
biological samples and digested according to the given proce-
dure [16]. The nail samples were scraped and the hair samples
were cut into pieces so as to ensure feasible and fast digestion
of the samples. Then, they were washed with nonionic deter-
gent (Triton X-100) and soaked in deionized water for 10 min.
It was followed by soaking in acetone to remove external
contamination. Finally the samples were washed with deion-
ized water and dried at 60 °C overnight in a drying oven.

The dried samples (0.2 g) were digested with 10 mL of 8:2
mixture of concentrated nitric acid and perchloric acid. The
mixture was heated until complete evaporation to obtain a
clear solution. Each digested sample was transferred into a
100 mL volumetric flask and made up to the mark with dis-
tilled water. Recovery tests were also performed by spiking
the dried samples with a known amount of cadmium standard
solution before sample digestion. After drying the samples in
an oven at 50 °C, the digestion procedure was conducted and
cadmium content was determined by the developed method.

Element Wt% At%
C K 17.22 25.17
O K 47.95 52.62
Al K 17.20 11.19
Si K 17.63 11.02

Element Wt% At%
C K 18.65 31.63
O K 33.43 42.56
Al K 9.45 7.13
Si K 12.89 9.35

Fe K 25.58 9.33

a

b
d

c
Fig. 1 SEM images of (a) HNTs
and (b) HNTs-Fe3O4and EDX
spectrum of (c) HNTs and (d)
HNTs-Fe3O4
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Results and discussions

HNTs are two-layered aluminosilicates, chemically similar to
kaolin, which have a predominantly hollow tubular structure
in the submicron range. Chemically, the outer surface of this
nanoclay has properties similar to tetrahedral SiO2 which is
negatively charged above pH 2.4 while the inner region of the
cylinder is related to octahedral Al2O3 which is positive below
pH 8.5 [17]. Since the surface is mainly silica, its charge will
be negative over a wide range of pH, as a result, halloysite
tends to have a polyanionic surface, except at very low pH
values, and should readily bind cationic complexes. 1,10-
phenanthroline is a complexing agent which forms a cationic
complex with cadmium (Cd(phen)3

2+) [18]. The reported sta-
bility constant (logβ) for this complex is 15.3 [19] and the pKa

of phen is about 5.0 [19], so the complex formation can be
complete at pH values higher than 5. This cationic complex
can be efficiently adsorbed on negatively charged HNTs.
We used magnetic HNTs instead of HNTs as sorbent. In
MSPE, the sorbents are dispersed into sample solutions
and so the equilibrium between the sorbents and sample
solution can reach quickly which is beneficial to
achieve high extraction efficiency in a short time.
Moreover, after extraction step, magnetic sorbents
enriched with analytes are easily isolated from suspen-
sion by the application of an external magnetic field
without the need for column passing operations and ad-
ditional centrifugation or filtration procedures.

Characterization of HNTs–Fe3O4

The morphology and particle size of original HNTs and
HNTs–Fe3O4 are shown in Fig. 1. As can be seen from
Fig. 1b the Fe3O4 nanoparticles were attached on the wall of
HNTs. During SEM observation, we also determined the con-
tent of constituents by EDX (Fig. 1c, d). The amount of Fe
element in the HNTs–Fe3O4 sample was obtained as 25 wt%.

Fig. 2a exhibits the FTIR spectra of Fe3O4, HNT and
HNT–Fe3O4. In the FT-IR spectrum of HNTs, the peaks at
3696.78 and 3624.62 cm−1 were attributed to the stretching
vibrations of inner-surface Al–OH. The bands at 3455.76 and
1641.36 cm−1 were assigned to O-H stretching vibration and
O-H bending vibration of water, respectively. The bands at
1036.11, 794.76, 753.52 and 689.10 cm−1 were assigned to
the stretching vibrations of Si-O. The peak at 911.42 cm−1 was
attributed to the bending vibration of Al-OH. The bands ob-
served at 536.99 and 468.90 cm−1 were attributed to the bend-
ing vibration of Al-O-Si and Si-O-Si, respectively [20]. The
above mentioned peaks also appeared in FTIR of HNT–

�Fig. 2 a FTIR spectra of Fe3O4, HNTs and HNTs-Fe3O4; b XRD
patterns of HNTs and HNTs-Fe3O4 c Magnetization curve of HNTs-
Fe3O4 at room temperature
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Fe3O4, in which the broad and intense band at 3424.98 cm−1

was due to stretching vibrations of hydroxyl groups from iron
oxide. Finally the band related to Al-O-Si of HNTat 536 cm−1

and the Fe3O4 characteristic peak at around 575.54 cm
−1 over-

lap in HNT–Fe3O4 [15].
The XRD patterns of the HNTand HNTs–Fe3O4 are shown

in Fig. 2b. In the powder XRD patterns of HNT–Fe3O4, there
are distinct peaks at 12.15°, 20.11° and 24.60° which can be
indexed to halloysite nanotubes. Moreover, the new diffrac-
tion peaks at 30.29°, 35.62°, 43.26°, 57.87° and 62.67° can be
identified as Fe3O4 which illustrates that magnetic Fe3O4

nanoparticles are successfully installed on the surface of
HNTs.

Fig. 2c shows the magnetization of HNTs–Fe3O4 as a func-
tion of the applied magnetic field at 298 K. As seen, magne-
tization increased with an increase in the magnetic field.
HNTs–Fe3O4 possessed good magnetic properties with the
saturation magnetization of about 25.38 emu g−1 and exhibit-
ed an extremely small hysteresis loop and low coercivity, as a
typical characteristic of superparamagnetic particles.

Optimization of MSPE procedure

The method was optimized in terms of pH value, amounts of
adsorbent, loading with phen, sample volume, and extraction
volume. The respective data are given in the Electronic
Supporting Information. The optimized conditions are (1) a
pH value of 6.0, (2) use of phosphate buffer; (3) a sonication
time of 5 min, (4) use of 3 mL phen solution, (5) use of
100 mL sample volume and (6) elution with 2.0 mL HNO3

together with 60 s sonication. The sorbent can be reused after
being regenerated with 10mL distilled water and 10mL phos-
phate buffer (pH=6) respectively, and are stable up to five
adsorption-elution cycles without a significant decrease in
the recovery for cadmium.

Adsorption capacity

In order to determine the adsorption capacity of the magnetic
HNTs, 10 mg of the sorbent was added to 25 mL of an aque-
ous solution containing 25 mg L−1 Cd(II), 3 mL of 0.3 % phen
and phosphate buffer (pH=6.0). After sonicating for 45 min
and separation of the sorbent by applying an external magnetic
field, the remained cadmium ions in the supernatant solution
were determined by using FAAS. The adsorption capacity was
found to be 11.4±0.4 mg g−1 (n=3).

Analytical figures of merit

The analytical performances of the developed methods were
evaluated under the conditions already defined. While the lin-
ear range without preconcentration was 0.02–3.0 mg L−1, the
calibration graph after preconcentration by using the devel-
oped MSPE was linear in the range of 0.5–50 μg L−1 with a

Table 1 Effect of potentially interfering ions on the recovery of
cadmium (20 ng mL−1)

Interfering ion Tolerance limit (interfering
to analyte mass ratio)

Na+, K+, Li+, Ca2+, Mg2+, Al3+, Cr(VI),
NO3

−, Cl−, F−, SO4
2−, PO4

3−
1000

Cr(III), As(V) 700

Co2+, Ni2+ 400

Pb2+, Zn2+ 200

Ag+ 100

Mn2+, Cu2+, Fe3+, Fe2+, Hg2+ 50

Table 2 Comparison of the developed MSPE - FAAS method with some other methods

Sorbent LDRa

(μg L−1)
DLb

(μg L−1)
PF c Sample Volume

(mL)
Adsorption capacity
(mg g−1)

Ref.

Magnetic metal-organic frame work 1–110 0.12 128 1000 188 [22]

IL-MNPsd 0.3–20 0.12 200 50 9.8 [23]

Magnetic graphene nanoparticles 1.1–150 0.32 200 300 – [24]

Magnetic metal-organic framework 1–80 0.2 167 500 190 [25]

Functionalized magnetic multi-walled carbon
nanotube

0.3–100 0.09 181 1000 201 [26]

Triazine-modified magnetite nanoparticles 0.3–28.8 0.01 294 1500 37.3 [27]

Silica-based magnetically driven
nanoadsorbent

0.5–400 0.11 250 1000 200 [28]

Magnetic polymeric nanoparticles 0.8–60 0.09 184 750 52.6 [29]

Halloysite nanotubes-Fe3O4 0.5–50 0.27 50 100 11.4 This work

a Linear dynamic range
bDetection limit
c Preconcentration factor
d Supported hydrophobic ionic liquid on magnetic nanoparticles
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correlation coefficient of 0.9995. The regression equation was
y=0.006×+0.0082, where y is the absorbance and x is the
concentration of Cd in μg L−1. The detection limit according
to the definition of IUPAC (3Sb/b, where Sb is the standard
deviation of blank and b is the slope of calibration graph [21])
was 0.27 μg L−1. Considering the volumes of sample and
eluent, the maximum preconcentration factor for this method
was 50. A study of precision was performed by carrying out
five independent measurements of solutions of Cd(II) at
20.0 μg L−1 level and gave a relative standard deviation of
2.3 %.

The solid phase extraction of Cd(II) in presence of different
amounts of potentially interfering ions was investigated and
the results are shown in Table 1. An ion was considered to
interfere when its presence produced a variation of more than
5 % in the absorbance of the sample. It is clear that none of the
tested species interfere with the determination of Cd(II) in the
biological and water samples.

Accuracy of the method was checked by analyzing a stan-
dard reference material (water sample NIST SRM 1643e) with
a certified Cd content of 6.56±0.073 μg L−1. The obtained
value by using the developed method was 6.13±0.33 μg L−1

(mean of three determinations±standard deviation), which is
in good agreement with the certified concentration. It can be
concluded that the proposed method is accurate and free from
systematic errors.

The characteristics of the developed MSPE procedure
were compared with those of some other reported
methods in Table 2. As can be seen, our method is
comparable with most of other MSPE methods in terms
of detection limit and linear range, though its adsorption
capacity is lower. However, it should be mentioned that
the synthesis procedure for our sorbent is very simpler
and faster than the reported procedures for other sor-
bents, since almost all of those procedures are multi-
step and need functionalization of magnetic Fe3O4,
while our method is one-step without functionalization
process. Finally, compared to conventional SPE, the
MSPE procedure is much faster and simpler since there
is no need for column preparation, centrifugation or
filtration process.

Analytical applications

In order to confirm the applicability of the method, it was
applied to the determination of cadmium in several water
and biological samples. The suitability of the developed meth-
od was checked by spiking samples with a known amount of
cadmium before sample digestion. The analytical results and
the recoveries were given in Table 3. As can be seen in
all cases, the cadmium recovery for the spiked samples
is quantitative.

Conclusions

The magnetic nano-composite HNTs-Fe3O4, was successfully
applied as an adsorbent for solid-phase extraction and
preconcentration of Cd(II) as Cd-phen complex. The cationic
complex of cadmium with 1,10-phenanthroline can be effi-
ciently adsorbed on negatively charged HNTs. The main char-
acteristics of this new sorbent is using of inexpensive and
natural material, its magnetic feature which simplifies extrac-
tion process and re-usability and applicability for several types
of samples. Moreover, its preparation procedure is quite sim-
ple and fast.
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