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a b s t r a c t

Magnetically driven separation technology has received considerable attention in recent decade for its
great potential application. In this study, we investigate the application of silica-modified magnetite
nanoparticles (NPs) coated with a cationic surfactant as adsorbent for microextraction and determina-
tion of trace amounts of Cu(II), Ni(II), Co(II), Cd(II), Pb(II) and Mn(II) from environmental water samples.
The synthesized silica-coated NPs in combination with cetylpyridinium bromide have the ability to adsol-
ubilize the metal ions after complexation with 8-hydroxyquinoline. The NPs bearing the target metals are
easily separated from the aqueous solution by applying an external magnetic field and the complexed
metals were desorbed using acidic methanol. The desorbed analytes are introduced into the graphite
etylpyridinium bromide
icroextraction of metals

tomic absorption spectrometry

furnace of an atomic absorption spectrometer. The effect of pH, complexing agent, amount of cetylpyri-
dinium bromide, microextraction time, desorption conditions, ionic strength on extraction efficiency of
the metal ions are investigated and optimized. Under the optimized conditions, the detection limits for
Cu(II), Ni(II), Co(II), Cd(II), Pb(II) and Mn(II) are 4.7, 9.1, 9.5, 2.3, 7.4 and 15.3 ng L−1, respectively and
the relative standard deviations (n = 6) are less than 3.6%. The accuracy of the method was evaluated
by recovery measurements on the spiked samples and good recoveries (93–113%) with low RSDs were

achieved.

. Introduction

Iron-oxide magnetic nanoparticles (NPs) have been showing a
orldwide growing research interest as they possess unique size-
ependent characteristics that strongly differ from the properties
f the corresponding bulk material and enable them to be used
or numerous applications [1]. Magnetite (Fe3O4) and maghemite
�-Fe2O3) are heralded as suitable iron-oxide NPs due to their bio-
ompatibility, low toxicity and strong magnetization response [2].
agnetite can be converted to maghemite by chemical oxidiza-

ion, which results in a color change from black to red-brown and
slightly reduced saturation magnetization. Iron-oxide magnetic
Ps are superparamagnetic, which means that being adhered to

he target compounds they can be removed along with them from
matrix quickly, using a magnetic field. These characteristics make
hem highly useful in novel separation processes. Maghemite, for
nstance, has been reported for the successful removal of heavy

etals such as Cr(VI) [3] and As(V) [4] from wastewater.

∗ Corresponding author. Tel.: +30 2651008414; fax: +30 2651008796.
E-mail address: cstalika@cc.uoi.gr (C.D. Stalikas).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.02.013
© 2011 Elsevier B.V. All rights reserved.

Inorganic magnetic NPs (such as Fe3O4 and �-Fe2O3) are prone
to the formation of aggregates thus altering their magnetic prop-
erties in complex matrixes. Although iron oxides are relatively
inert, in chemical terms, functionalized magnetic NPs have been
described, which retain the desired magnetic properties and are
stable in aqueous colloidal suspensions.

Iron-oxide magnetic NPs modified with oleic acid and unde-
canoic acid have been used for capturing As(III)–As(V) [5] and
Cd [6] while dispersible thiol functionalized magnetite NPs have
been described for the removal of heavy metals from aqueous
systems [7]. Likewise, functionalized magnetic NPs have been
reported for the isolation, identification and quantification of small
molecules with matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry [8].

Surface modification by silanization is also a very common
method for particle functionalization. Silica has been considered
as one of the most ideal shell materials due to its reliable chemical
stability and versatility in surface modification via Si–OH groups

[9–11]. Along these lines, modified silica-coated magnetite NPs
have been used for the analysis of estrogens [12] and the selec-
tive extraction of trace amounts of Cd, Cu, Hg and Pb [13] and Cu,
Fe, and Pb [14], exploiting the complexation of metals with thiol
and their affinity to amino groups, respectively.
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Apart from silica modification, other suitable coatings on the
urface of the particles have frequently been developed to over-
ome limitations and to improve their colloidal and chemical
tability [15]. In this vein, surfactants can be employed in order to
e chemically anchored or physically adsorbed on NPs, thus form-

ng a single or a double layer. This layer creates repulsive forces to
alance the magnetic and the van der Waals attractive forces, which
ct on NPs [16]. The outer surface of the hemimicelles and admi-
elles formed on the surface of metal oxides is hydrophobic and
onic, respectively, providing a dual mechanism for the retention of
rganics and the preconcentration of organic compounds, in solid-
hase extraction mode [17–20]. However, in case of microparticles,
his preconcentration mode may have a relatively low extraction
apability as well as being time-consuming when a large sample
olume is loaded. These drawbacks can be overcome with magnetic
Ps, which have high surface area and strong magnetism [21]. The

unctionalization of bare and silica-coated magnetic NPs – usually
agnetite – with a single or double layer of surfactants has resulted

n stable colloidal dispersions for several microextraction purposes
22–26].

Surfactants have widely been used for the analysis of metals
sing cloud-point extraction [27,28]. In this paper, capitalizing on
a) the negative charge of silica-coated iron-oxide magnetic NPs in
broad pH range, (b) the property of cationic surfactants to adsorb
nto these surfaces and to eliminate their agglomeration and (c)
he capability of the adsorbed surfactants to solubilize hydrophobic

olecules – the so-called adsolubilization process – we put for-
ard the concept of the preconcentration of complexed metal ions

n nanometer-sized silica-modified magnetite functionalized with
he cationic cetylpyridinium bromide (CPBr). More specifically, cer-
ain metal ions form stable complexes with 8-hydroxyquinoline
8-HQ) [29], which can be adsorbed on surfactant-coated mag-
etic NPs, in a batch microextraction procedure. The magnetic
Ps are then collected using an external magnetic field and the
xtracted metal ions are eluted and determined by electrother-
al atomic absorption spectrometry (ETAAS). To the best of our

nowledge, it is the first work to use CPBr-coated magnetic NPs for
he microextraction–preconcentration of complexed metals from
queous samples based on mixed hemimicelles–admicelles.

. Experimental

.1. Materials

Stock standard solutions of Pb(II), Cd(II), Mn(II), Cu(II), Ni(II),
o(II) (1000 ± 2 mg L−1 each) were purchased from Merck (Darm-
tadt, Germany). Suprapur grade HNO3 used in the experiments
as obtained from Merck (Darmstadt, Germany). Diluted solutions

f each metal were prepared in 2% HNO3. Tetraethyl orthosilicate
TEOS) 99% was obtained from Aldrich (Sigma–Aldrich Ltd., Greece).
he 8-HQ (99%, Sigma–Aldrich Ltd., Greece) solution was prepared
aily by dissolving the solid chemical in acetic acid (TraceSelect,
luka Chemie, Buchs, Switzerland), under sonication. Cetylpyri-
inium bromide (CPBr) 97% (Fluka), at a concentration 2 × 10−2 M
as prepared in DDW, under slight heating. Palladium nitrate in
itric acid was obtained from Merck (Darmstadt, Germany) and
sed as matrix modifier solution for electrothermal atomization.
ther reagents, including FeCl3·6H2O, FeCl2·4H2O (99.99% trace
etal basis), NaNO3, NaOH and NH3 were of analytical grade and

btained from Sigma–Aldrich (Sigma–Aldrich Ltd., Greece).
.2. Synthesis of magnetite and silica-modified magnetite NPs

Magnetite NPs and the silica modified counterpart were pre-
ared according to a slightly modified reported coprecipitation
ta 84 (2011) 834–839 835

method [30]. An aliquot of 25% NH4OH was added into a vig-
orously stirred deoxygenated aqueous solution of FeCl2·4H2O
(1.5 × 10−3 mol L−1) and FeCl3·6H2O (3.0 × 10−3 mol L−1) until
obtaining a pH of 10, at room temperature. The black precipi-
tate of magnetite NPs formed under continuous flow of nitrogen
was immediately separated from the supernatant by a magnet and
redispersed in aqueous solution, at least three times, until obtain-
ing pH 7, washed twice with ethanol and evaporated to dryness
to get the magnetite powder. The obtained magnetic powder was
∼240 mg. After that, the surface of the particles was alternatively
coated with TEOS. The procedure consisted of placing 50 mL of
ethanol and 4 mL of DDW into a beaker containing 100 mg of mag-
netite NPs. Then, the pH of the suspension was adjusted to 9.0 with
NH3 and 200 �l of TEOS were added followed by overnight stirring,
under nitrogen. After magnetic separation, the silanized magnetic
particles were thoroughly washed with DDW and dried, yielding a
fine powder.

2.3. Characterization

2.3.1. Surface area
The surface areas of the bare and modified iron-oxide NPs

were determined by nitrogen adsorption–desorption porosime-
try according to the BET method. The samples were tested
for their surface area, porosity and mean diameter by N2
adsorption–desorption porosimetry, at 77 K in an Autosorb-1
Quantachrome porosimeter. Before measurement, each sample
was degassed at 80 ◦C, for 5 h. The partial pressure of nitrogen in
the mixture was varied from 40 to 250 Torr.

2.3.2. FT-IR spectroscopy
The FT-IR spectra of the bare and silanized magnetite NPs were

recorded on a Perkin-Elmer Spectrum GX FT-IR spectrophotome-
ter with samples as KBr pellets. The KBr wafers were prepared by
mixing KBr crystals with sample, dried previously at 373 K for 24 h
and ground to fine powder.

2.3.3. Determination of point of zero charge (pHPZC) of NPs by
the salt addition method

The point of zero charge (pHPZC) of the bare and silanized mag-
netite NPs was determined in degassed 0.01 M NaNO3 solutions, at
20 ◦C. Thirty mL of 0.01 M NaNO3 solutions were taken and mixed
with 30 mg of NPs, in different beakers. The pH values of the solu-
tions were adjusted to 2, 3, 4, 5, 6, 7, 8, 9 using solutions of HNO3 and
NaOH. The initial pH of the solution was recorded with a pH meter
(Radiometer PHM83 Autocal pH meter, Copenhagen) and each flask
was covered with parafilm and shaken for 24 h. The final pH values
of the solutions were recorded and the difference between initial
and final pH – the so-called �pH – was plotted against the initial
pH values. The pHPZC values were calculated from �pH versus pH
plots, at the pH where �pH = 0.

2.3.4. Surface charge of the synthesized NPs
The surface charges of both iron oxide materials were based

on potentiometric titrations, conducted at 20 ◦C. Thirty mL back-
ground electrolyte (NaNO3) solutions of concentration 0.01 M each
containing 30 mg of NPs were equilibrated for 30 min, under con-
tinuous stirring. Nitrogen gas was constantly passed through the
suspension to bubble out the CO2. Following equilibration, 2 mL of
0.1 N HNO3 were added and the suspension was further stirred for
20 min. The new pH value of the suspension was recorded with

the pH meter. The suspension was then titrated by the addition
of 0.05 M NaOH delivered by a micro-burette (ABU80 Autoburette,
Radiometer, Copenhagen) of very fine tip. After each addition of
base, the suspension was equilibrated for 1 min with stirring, at
the end of which the changes were less than 0.01 pH units min−1.
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Table 1
Morphological characteristics of magnetite and silanized magnetite NPs.

NPs Specific surface
area (m2 g−1)

Total pore
volume

vibration of Si–O–H and Si–O–Si groups. To further confirm that
the magnetite NPs are indeed protected by silica coating, silanized
particles were immersed for 24 h, in two solutions: (a) 1 M NaOH
and (b) 1 M HCl, in order to assess the dissolution of silicates and
leaching of iron, respectively. Using the heteropoly blue method

A

B

36 A.E. Karatapanis et al. /

blank titration was also performed with similar solutions in the
bsence of the oxide.

The surface charge of the NPs, defined as the portions of the
urface charge due to OH− and H+, were calculated from the poten-
iometric titration curves according to the relationship [31]:

o = F(na − nb + nOH − nH)
S

where �o is the surface charge density (C m−2), F is the faraday
onstant (C mol−1), na and nb are the moles of the acid and base
dded to the suspension, nOH and nH are the numbers of moles of
H− and H+ in the suspension at a measured pH and S is the total

urface area of the oxide.

.4. Adsorption of CPBr on NPs

The adsorption isotherms of CPBr on NPs were determined by
atch experiments, at constant electrolyte concentration (0.01 M
aNO3). Suspensions containing 10 mg of NPs were stirred for
min with a series of solutions containing increasing amounts of
PBr, at room temperature and then they were equilibrated for
0 min. The pH was adjusted to 8.5 ± 0.1 by adding small por-
ions of 0.1 M NaOH. The NPs were isolated using a magnet at
he bottom of the container and the concentration of CPBr in
he limpid supernatant was determined spectrophotometrically
n a Shimadzu UV-2100 spectrophotometer, at 260 nm. Linearity
etween the absorbance and CPBr concentrations was obtained in
he range 0.5–60 mg L−1, with a correlation coefficient of 0.9996.

The critical micelle concentration (cmc) of CPBr was taken as
.0 × 10−4 mol L−1 [32] corresponding to 345 mg L−1.

.5. NPs-based microextraction of complexed metals

Two solutions were prepared for the microextraction of metal
ons:

Solution A. An aliquot of 1 mL of 8-HQ 1.3% was added to a beaker
ontaining 100 mL of an aqueous solution with metals. The pH was
djusted to 8.5 with 0.1 M NaOH and the solution was stirred for
5 min, at room temperature.

Solution B. A suspension of silica-modified magnetite NPs
10 mg mL−1), which contained 30 mg mL−1 CPBr was prepared at
H 8.5. After vigorous stirring the suspension was equilibrated for
0 min.

An aliquot of 1 mL of solution B was added to the solution A
nd the mixture was stirred for 3 min. The beaker was placed on a
agnet for around 2 min, to let NPs settle down. The supernatant
as removed by decantation and the isolated NPs were eluted with

50 �L of methanolic solution of 1 N HNO3 to desorb the complexed
etals. A portion of the acidic methanolic eluent was then injected

irectly into ETAAS for analysis. Palladium solution was used as
odifier for Cd and Pb.

.6. Measurement of metals

The ETAAS measurements were carried out on a GBC AAS 932
lus, equipped with a GF3000 Graphite Furnace System and a PAL
000 Auto Sampler GBC Scientific Pty. Ltd. (Victoria, Australia). The
ontrol of the AAS system and the evaluation of the data received

ere carried out by means of GBC Avanta 2.01 Software, (copyright

996, GBC Scientific Equipment Pty, Ltd.). A multielement hollow-
athode lamp for cadmium, lead, nickel, manganese and copper and
single element hollow-cathode lamp for cobalt were from Proton
ty. Ltd. (Victoria, Australia).
(cm3 g−1)

Magnetite 167 0.54
Silanized magnetite 168 0.51

3. Results and discussion

3.1. Characterization of the synthesized magnetic NPs

Table 1 lists the porosity and surface area of the synthesized NPs,
which were determined by nitrogen sorption measurements (rele-
vant isotherms are provided in Fig. S1 of Supplementary Material).
The surface areas of bare and silanized magnetite were found to be
167 and 168 m2 g−1, respectively. It can also be seen that the specific
surface areas and total pore volume were not obviously different
between iron oxide and the silica-modified NPs. Therefore, the pro-
cess of silanization does not influence the above characteristics of
the sorbents and any differences in the subsequent study between
them cannot be attributed to the morphological differences.

3.1.1. FT-IR spectra of NPs
The production of iron oxide NPs can be seen from the occur-

rence of a strong absorption band in the FT-IR spectrum, which
encompasses the characteristic wavenumbers of 632 and 585 cm−1

(Fig. 1A). This pattern corresponds to the Fe–O bonds, which is
reported to belong to bulk magnetite [33]. In addition, the final
product obtained from the coprecipitation was dense, black and
magnetic implying the presence of magnetite as the main phase.

The deposition of silica network on the magnetite surface
by Fe–O–Si bonds through silanization was also confirmed by
obtaining relevant FT-IR spectrum. The corresponding absorption
band cannot be seen in the FT-IR spectrum because it appears
at around 584 cm−1 and inevitably overlaps with the Fe–O vibra-
tion of magnetite [34]. However, the strongly absorbing region of
1110–1000 cm−1 in the spectrogram of Fig. 1B results from the
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Fig. 1. FT-IR spectra of (A) magnetite NPs and (B) silica-modified magnetite NPs.
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34] a deep blue color was formed from the alkaline solution, which
evealed the presence of silicate arising from the dissolution of the
ilanized particles. At the same time, using flame AAS, iron was
ardly detected in the acidic solution, which implies that the leach-

ng of iron out of the silica layer is insignificant. Additionally, it was
oticed that the leaching of iron in the acidic solution was height-
ned as the concentration of TEOS was getting lower, at the stage of
ilanization. Therefore, under the stated conditions of silanization,
he resulting magnetite was properly protected by silica coating.

.1.2. Point of zero charge of NPs
It is well known that the surface charge of oxides due to

ydroxyl groups is largely dependent on the pH of the solution,
he pHPZC caused by the amphoteric behavior of hydroxylated
urface groups and the interaction between surface sites and the
lectrolyte species [35]. The addition, in either form, of the syn-
hesized magnetite to the NaNO3 solution, causes changes in the
H, which were measured at a constant ionic strength. The �pH,
hen plotted against the initial pHs, yield the pHPZC at a pH where
pH = 0 (plots are shown in Fig. S2 of Supplementary Material). The

HPZC of synthesized magnetite NPs was located close to pH 6 and
hat of silica-coated magnetite NPs was at pH 3, both being con-
istent with reported values [24,26]. The surface charge is neutral
t the pHPZC. When the pH value exceeds the pHPZC the sur-
ace is negatively charged and adsorption of cations occurs because
f the attractive electrostatic effect. Surface coverage of the mag-
etite with silica, reasonably, leads to a decrease in the pHPZC of
he surface approaching the respective value of pure silica. Dif-
erences reported in the synthesis procedures, aqueous medium
onditions and measuring methods are likely to be the cause of
he different pHPZC. Actually, lower concentrations of TEOS in the
ilanization procedure described above, gave rise to higher pHPZC
or the produced silica-coated magnetite. The incomplete surface
oating results in a non-homogeneous surface chemical composi-
ion, which would affect the pHPZC of the silanized magnetite.

.1.3. Surface charge of synthesized NPs
As mentioned above, magnetite and its silanized counterpart,

s amphoteric solids, can develop charges in the protonation and
eprotonation reactions of FeOH and SiOH surface sites. In the
bsence of specific adsorbing CPBr cations, the surfaces are nega-
ively charged at any pH > pHPZC. The net charge of the synthesized
Ps was determined from acid–base titrations (plots are shown in
ig. S3 of Supplementary Material). In the pH range of 6–9, the den-
ity of negative charges on the surfaces rises rapidly. Moreover, the
harge of the silanized magnetite NPs is at least twice as that in bare
agnetite, at constant electrolyte concentration (0.01 M NaNO3).

.2. Mixed hemimicelle-based microextraction of metals

.2.1. CPBr adsorption on NPs
CPBr was the cationic surfactant of choice for the adsolubiliza-

ion of complexed metals because of its high load on silica particles
19] and its facile determination in solutions by UV spectroscopy.

The adsorption isotherms of CPBr on the synthesized NPs were
mportant to understand the extraction mechanism and to opti-

ize the conditions for metal preconcentration. Isotherms for both
Ps were determined, for reasons of comparison, at pH 8.5, where
igh surface density occurs but not at higher pH values in order to
void hydrolysis of silica shell. The amounts of the adsorbed sur-
actant plotted as a function of the equilibrium concentrations of

PBr are shown in Fig. 2. CPBr has almost similar adsorption behav-

or for both NPs. However, the maximum adsorbed amount of CPBr
n magnetite (Fig. 2A) is approximately half that on the silanized
ounterpart (Fig. 2B). The CPBr can be adsorbed on magnetite NPs,
ince surface interactions may exist between the positively charged
Fig. 2. Adsorption isotherms for CPBr on: (A) magnetite and (B) silica-modified
magnetite NPs, at pH 8.5.

head group of CPBr and the FeOH and SiOH sites, on the surface
of NPs. Therefore, the difference in the sorbed amounts is most
likely attributed to the more dense surface charge of the latter and
to the specific interactions of CPBr and the surface of the oxide, at
a constant salt concentration [36].

The greatest proportions of the CPBr adsorbed on the surface of
magnetite NPs and silanized counterpart are up to 2.5 mg/10 mg
and 6 mg/10 mg, respectively. This region is considered as hemim-
icelles, in which CPBr molecules are adsorbed on the oppositely
charged NPs surface to form single layer through coulombic attrac-
tion. The adsorption amount of CPBr on the NPs increased gradually
with an increase in the amount of the cationic surfactant added to
the solution, as a result of the gradual formation of bilayers (admi-
celles) by hydrophobic interaction between the alkyl chains. This
region, where hemimicelles and admicelles coexist in equilibrium
with aqueous surfactant monomers is termed as mixed hemimi-
celles/admicelles. Further increase in CPBr concentration did not
increase the adsorbed amount indicating that aqueous micelles
dominate. In this region, the analytes may be absorbed into micelles
in bulk solution, which makes the isotherm span unsuitable for
microextraction applications.

Finally, noteworthy is the formation of micelles in the solution
for both nanosized materials before the adsorption of the surfac-
tants has leveled off. This has been reported as a commonplace in
alkylpyridinium halides adsorbed on microsize silica particles [19].

3.2.2. Study of the pH of working solution
The pH is critical for the system under investigation because

it influences directly two distinctive processes: (a) the formation
of metal-complexes in the solution and (b) the adsorption of the
cationic surfactant on the NPs due to variation in the surface charge.
The effect of pH on the signal intensity of metal ions was stud-
ied with pH varying from 3.0 to 9.0. Neither bare magnetite NPs
nor silica-modified counterpart exhibited any obvious recovery of
metal ions at pH values up to 4.0. With the increase of pH, the
adsorption efficiency of the analytes improved dramatically and

reached a maximum at a pH above 8.0. This is due to the combined
effects of the formation of metal complexes at high pH values and
the development of the negative charges, which were favorable for
the adsorption of the cationic CPBr.
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ig. 3. Effect of pH on the preconcentration of metal ions into mixed hemimicelles
eveloped on silanized magnetite NPs.

Although the interactions between the CPBr and the surfaces
ave been reported to be favorable within a wide range of pH
19,23], it has been proven that the higher the pH value the larger
he charge density of the mineral oxide and hence the more pos-
tive the effect of adsolubilization on the complexed metals. At
igh alkaline pH values, metal ions can precipitate as hydroxides
nd the preconcentration on the NPs is not favoured since the
referred complexes are not formed. In addition, at alkaline con-
itions, the potential formation of cationic ammonium complexes
ay deter the adsorption of the heavy metal ions on the positively

harged surface of the adsorbent. Taking into account that high
harge density for magnetite occurs at elevated pH values, that kind
f the synthesized adsorbent was not studied further. As regards
ilica-modified NPs, to avoid hydrolysis of the silica substrate with
oncomitant loss of adsorption properties, a pH of 8.5 was finally
elected for subsequent experiments. The experimental results for
ilica-modified magnetite NPs are portrayed in Fig. 3.

.2.3. Effect of the amount of CPBr on microextraction of
omplexed metals

Numerous microextraction processes take advantage of the
nteraction of analytes with the hemimicelles/admicelles phase on
urfaces, which is driven by both hydrophobic and electrostatic
nteractions. In the study herein, the complexed metal species,
eing in neutral form, can only be retained by way of the hydropho-
ic interactions. From Fig. 4, we can note that in the absence of
urfactant, the proportion of the complexed metals, which are
dsorbed onto the surface of silanized magnetite NPs was almost
ndetectable. That is, the ion exchange of the charged metallic
pecies with the negative surface of NPs is practically absent, given
he complexation of metals is complete. The adsorbed amount of
omplexed metals increased markedly with increasing the amount
f CPBr added and the maximum adsorption was obtained when
PBr was between 1.5 and 4 mg/10 mg of NPs. This amount is below

he corresponding cmc of CPBr and represents the domain, where
ydrophobic mixed hemimicelles (hemimicelles and admicelles)
re formed on the surface of NPs. Further increase in CPBr above
he cmc caused a gradual decrease in the adsorption of metal ions.

0
10
20
30
40
50
60
70
80
90

100

0 1 2 3 4 5 6

mg CPBr added/10 mg silica-coated 
magnetite MNPs

pe
rc

en
ta

ge
 o

f m
et

al
 

ex
tr

ac
te

d 
(%

) Cu
Co
Ni
Cd
Pb
Mn

ig. 4. Effect of the amount of CPBr added on the extraction of complexed metal
ons at pH 8.5.
concentration of NaNO3, mol L

Fig. 5. Effect of ionic strength on the adsorption percentages of metal ions on silica-
modified magnetite NPs.

This should be attributed to the formation of CPBr micelles in the
bulk aqueous solution, which causes the complexed metals to redis-
tribute again into the solution. Taking into account these findings,
3 mg/10 mg of NPs was selected as the final addition amount of CPBr
for the subsequent studies.

3.2.4. Study of the concentration of 8-HQ
8-Hydroxyquinoline is a well known complexing agent that

forms complexes with many metal ions. Advantages of 8-HQ as
chelating reagent can be summarized as follows: (a) It is known to
react with over 60 metal ions forming complexes [formation con-
stants in the range 104 (Ba(II)) to 1038 (Fe(III))] [37] (b) metal ion
complexes with 8-HQ are sparingly soluble in water.

The variation of the analytical signals of metal ions was stud-
ied as a function of the concentration of 8-HQ in the range of
0–1.5 mmol L−1, for a total metal concentration of 10 �g L−1, at pH
8.5. The results (data not shown) demonstrated that the analytical
signals of metal ions were accentuated by the 8-HQ at a concentra-
tion up to 0.85 mmol L−1. In the absence of the complexing agent,
metals were hardly adsorbed on silicate magnetite, no matter what
their chemical forms are, at the working pH. To compensate for
potential complexation of 8-HQ with other foreign ions in the sam-
ple, the complexation at low parts per billion concentrations of
metal ions of interest was effectively realized using 1.0 mmol L−1

of 8-HQ.

3.2.5. Microextraction time and amount of silanized magnetite
NPs

The total microextraction time relates to the time required for
the complexation reaction and the transfer of hydrophobic com-
plexes to silanized magnetite through adsolubilization. The effect
of microextraction time on the overall microextraction efficiency of
the heavy metal ions was studied with periods of time to vary in the
range of 2–20 min. It was observed that after 15 min of reaction time
at room temperature and 3 min of standing time, in the presence
of CPBr and NPs, the recoveries of the heavy metal ions exhibited
no obvious variation. Moreover, 10 mg of silanized magnetite NPs
being covered with mixed hemimicelles/admicelles of CPBr were
enough to preconcentrate the metal ions, at the studied concen-
trations, using 100 mL of sample. The demand for low amounts of
nanosized adsorbent is reasonably attributed to the pronouncedly
higher surface area of nanosized materials as compared to the clas-
sical microsized ones. For higher amounts of silanized magnetic
NPs, the extraction efficiency was almost constant even at increased
concentrations of CPBr.

3.2.6. Desorption conditions

Organic solvents are known to cause disruption of surfactant

aggregates [28]. On the other hand, when the pH drops well below
the pHPZC, the surface of silica-coated magnetite is rendered pos-
itive and amenable to disruption of surfactant molecules already
aggregated on the surface. Therefore, it is not surprising that the



A.E. Karatapanis et al. / Talan

Table 2
Analytical performance data of the proposed method after microextraction of metal
ions with silica-modified magnetite NPs.

Metal ion Dynamic linear
range (ng L−1)

Detection
limits (ng L−1)

Correlation
coefficient (R)

RSD% (n = 6)a

Cu 14–190 4.7 0.9980 2.4 (60)
Co 26–250 9.1 0.9946 3.1 (100)
Ni 27–250 9.5 0.9949 3.6 (100)
Cd 7–110 2.3 0.9978 2.8 (50)
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Pb 22–220 7.4 0.9972 2.8 (95)
Mn 45–400 15.3 0.9953 2.3 (170)

a Numbers in parentheses represent the concentrations, at which RSDs were cal-
ulated.

esorption ability of methanol, as experimentally proved, was
lightly inferior to a methanolic solution of 1 N HNO3. Also, our
esults showed that an aliquot of 250 �L of methanolic solution
f 1 N HNO3 can conveniently desorb the complexed metals and
repare the sample for injection into the graphite furnace of AAS,
aintaining high preconcentration capacity.

.2.7. Effect of ionic strength
The ionic strength of the working solution was varied from 0 to

.2 M NaNO3. The extracted amount of metal ions diminished with
he increase in ionic strength, as illustrated in Fig. 5. The role of elec-
rostatic attraction in the adsorption process was significant and
he competition between sodium and CPBr cations for the negative
urface of NPs caused the formation of mixed surfactant aggregates
n the magnetite NPs surface to abate. Besides, as the ionic strength
ncreases, the cmc decreases and the size of the micelles increases
or cationic surfactants causing the micelles to be formed at lower
oncentrations of CPBr.

.3. Analytical figures of merit

To explore their capability, silanized magnetite NPs were used to
xtract trace amounts of metals from surface water prior to ETAAS
etermination. Quality parameters of the proposed method under
ptimum conditions are tabulated in Table 2. The microextrac-
ion method allows quantification of metal ions with good linearity
R = 0.9946–0.9980) in the range of 14–400 ng L−1. Detection lim-
ts, calculated as three times the standard deviation of ten replicate

easurements of the blank, were found to be 4.7–15.3 ng L−1. The
elative standard deviation, calculated from six replicate experi-
ents on the same day, was less than 3.6%.
The accuracy of the proposed method was tested by calculat-

ng the recovery of the heavy metal ions from spiked tap and river
ater samples. The obtained recoveries for the heavy metal ions,

s the mean values (n = 3), are in the acceptable range of 93–113%
Table S1 of Supplementary Material).

. Conclusions

Encouraged by the outstanding properties of magnetite NPs and
heir silica-modified counterparts already mentioned, we report
ere the concept of the preconcentration of metals from tap water
nd surface water in connection with a cationic surfactant and a
omplexing agent. The strong hydrophobic interactions between
he mixed hemimicelles and complexed metals made this new

icroextraction method possess high extraction efficiency and
apacity. The preconcentration method described herein using 8-

Q, CPBr and silica-modified magnetite NPs for the determination
f Cu, Co, Ni, Cd, Pb, Mn in water samples exhibited fairly good
nalytical performance as expressed by the acceptable accuracy,
epeatability and sensitivity. Silica-coated magnetic NPs constitute
low-cost absorbing phase and in combination with surfactant-

[

[
[

[

ta 84 (2011) 834–839 839

based adsorption capacity it can be used for the preconcentration of
metals. In addition, the proposed method provided a rapid, efficient
sample preparation process and was able to treat large-volume
samples in a short period avoiding the time-consuming column
passing and filtration steps. Conceivably, the developed method
can be applied using any ICP-based instrumentation to determine
simultaneously a wide gamut of metals.
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