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Abstract

A novel, speed and accurate vortex-assisted magnetic solid-phase extraction procedure for separation—preconcentration
and flame atomic absorption spectrometric determination of lead at trace levels has been proposed. Silica-coated magnetic
nanodiamonds (SiO,@MNDs) as magnetic solid-phase extractor were fabricated and characterized by Fourier transform
infrared spectroscopy, X-ray diffraction spectrometry and scanning electron microscopy. Pb(II) could be easily separated
from the aqueous solution on the SiO, @ MNDs by using a neodymium magnet. Analytical factors affecting the recoveries of
Pb(II) such as pH, adsorbent amount, type and volume of eluent and sample volume were optimized. The preconcentration
factor, the precision (RSD %, n=35), the limit of detection and the limit of quantification were 5, 5.3%, 40.8 and 135 pg L,
respectively. The effects of matrix ions have been investigated. The presented extraction method has been applied for the
determination of lead in cigarette samples and Bush Branches and Leaves certified reference material. Quantitative recover-
ies changing from 94 to 106% were obtained for accuracy studies.

Keywords Vortex-assisted magnetic solid-phase extraction - Silica-coated magnetic nanodiamonds - Lead - Flame atomic
absorption spectrometry - Cigarette samples

Introduction

Heavy metals can be classified among the most toxic sub-
stances. Lead as a cumulative toxicant has adverse effects on
the all living organisms and especially on the brain, kidneys
and other organs including digestive, reproductive and res-
piratory systems [1-3]. For the non-smoking general popu-
lation, the main intake sources of the lead are the dust, dirt
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and ingestion of food; however, smoking tobacco contributes
significantly to the intake of lead [4]. Hence, accurate and
sensitive analysis of lead in smoking tobacco samples is an
important task for analytical chemists.

The most used instrumental detection methods for lead
are flame atomic absorption spectrometry [2], inductively
coupled plasma mass spectrometry [5], inductively coupled
plasma optical emission spectrometry [6] graphite furnace
atomic absorption spectrometry [7] and atomic fluores-
cence spectrometry [8]. Although among them flame atomic
absorption spectrometry (FAAS) can be considered as more
easy to use, cheap and fast, the main problems of FAAS
analysis are the matrix interferences of foreign ions, low sen-
sitivity and levels of trace analytes generally lower than the
detection limit of FAAS [9, 10]. In order to solve these draw-
backs, sample preparation and/or preconcentration—extrac-
tion techniques are usually required before instrumental
detection for analytes of trace levels of lead in food-like
complex matrices such as smoking tobacco samples. Solid-
phase extraction, solvent extraction, cloud-point extraction,
co-precipitation and liquid-phase microextraction methods
are widely preferred for the separation and preconcentration
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of lead at trace levels [9-13]. Among the above-mentioned
methods, nowadays magnetic solid-phase extraction (MSPE)
as an innovative approach is the mostly preferred method
due to its important advantages such as simple isolation and
control of sorbents during adsorption and desorption stages
via applying external magnetic field, elimination of the main
drawbacks of the time-consuming column-type SPE appli-
cation by applying different extraction apparatuses such as
vortex agitation, ultrasonic irrigation and magnetic stirring,
reaching fast adsorption and desorption equilibrium and
obtaining high adsorption capacity by using well-designed
magnetic sorbents [12—15].

Nowadays, the usage of nanomaterials in MSPE meth-
ods has gained popularity. Some of them are graphene (G),
graphene oxide (GO), carbon nanotubes (CNTs), nanodia-
monds (NDs), metal oxide nanomaterials (SiO,, TiO,, ZnO,
etc.), nanofibers and polymer-based nanomaterials [15-18].
Among these nanomaterials, carbon-based nanomateri-
als provided unique advantages for solid-phase extraction
applications such as high adsorption capacity, chemical
resistivity toward too acidic and basic and studied medium
used for several times in the same process, and among the
carbon-based nanomaterials, nanodiamonds (NDs) have
high surface area of about 450 m?*/g and excellent chemi-
cal and mechanical properties. Moreover, the main reason
of the widespread usage of nanodiamonds is that NDs are
non-toxic [19, 20].

The main problem of the usage of iron oxide-based mag-
netic nanoparticles as adsorbent is the low resistivity to
working conditions such as the use of acidic solution for
elution of analytes adsorbed and adjustment of pH in dif-
ferent regions. Modification of the magnetic nanoparticles
with SiO, nanoparticles is an effective solution to increase
the resistivity of magnetic nanoparticles for studied sample
medium [21].

In the presented study, SiO,@MNDs were fabricated,
characterized and used as a magnetic solid-phase extractor
for the separation—preconcentration of lead at trace levels in
cigarette samples prior to their FAAS detection.

Experimental
Instrumentation

The pH values were measured with a Sartorius PT-10 model
digital pH meter. A vortex mixer (VWR model, Germany)
and an ultrasonic bath (Sonorex) were used for experiments.
A Perkin-Elmer A Analyst 300 atomic absorption spectrom-
eter coupled with microsampling unit was used for the
determination of lead. The FTIR spectra were recorded on a
Perkin-Elmer Spectrum 400 model Fourier transform infra-
red spectrometer (Waltham, MA, USA). X-ray diffraction
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spectrum for the SiO,@MNDs was taken using a Bruker
AXS D8 Advance diffractometer. Scanning electron micro-
scope images were obtained on a LEO 440 SEM with an
accelerating voltage of 20 kV. Water used in this work is
(18 MQ cm, resistivity) pure water purified with a Milli-Q
system (Millipore, USA).

Chemicals and reagents

All reagents used were of analytical grade. Nanodia-
monds < 10 nm particle size (no: 636428-1G) were pur-
chased from Sigma-Aldrich (St. Louis MO, USA). Analyti-
cal grades of ferrous sulfate heptahydrate (FeSO,-7H,0),
ferric chloride hexahydrate (FeCl;-6H,0), nitric acid (65%),
acetone and hydrochloric acid (37%) were obtained from
Merck (Darmstadt, Germany). Ammonia solution (35%) was
purchased from Riedel-de Haen, Sigma-Aldrich (St. Louis
MO, USA). Tetraethoxysilane (TEOS) was obtained from
Alfa Aesar (Germany).

Fabrication of silica-coated magnetic
nanodiamonds

Co-precipitation known as an effective magnetic nanopar-
ticle production method was used to modify nanodiamonds
with magnetic Fe;O, nanoparticles. For this purpose, 3.3 g
of FeCl;-6H,0 and 2.2 g of FeSO,-7H,0 were dissolved in
150 mL of distilled water, and 150 mg of nanodiamonds was
dispersed in this solution by applying ultrasonic irritation.
Then, 20 mL of 25% ammonia solution was added drop by
drop to the obtained mixture at 85 °C under Ar atmosphere
to prevent oxidation of Fe;O, to Fe,0;. The obtained mag-
netic nanodiamonds (Fe;O,@NDs) were separated from
solution by applying external magnet via a neodymium
magnet, washed with distilled water and ethanol and dried
in a vacuum oven at 60 °C. The synthesized Fe;0,@NDs
particles were again redispersed in 100 mL of ethanol/water/
concentrated ammonia mixture (80 mL/20 mL/1 mL) by
applying ultrasonic irritation. Then, 0.25 mL of tetraethyl
orthosilicate (TEOS) was added dropwise and stirred for
6 h at room temperature, and the synthesized Si0, @MNDs
nanocomposite was washed and dried with same procedure
given above prior to use.

Extraction method

One hundred and fifty milligrams of the SiO, @MNDs was
added to 20 mL of model solution containing pg L' level
of Pb(II) ions, 2 mL of pH 6.0 phosphate buffer solution was
added to the solution, and the solution was mixed for 2 min
on a vortex mixer to facilitate adsorption of the Pb(II) onto
the SiO, @MNDs. Then, the magnetic adsorbent was sepa-
rated by using a strong neodymium permanent magnet and
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Fig. 1 XRD spectra of the pristine NDs and SiO, @Fe;0,@NDs nanomaterial

the supernatants were decanted directly. Pb(II) ions adsorbed
on the SiO, @MNDs were eluted with 4 mL of 4% thiourea
in 1 M HCI solution by applying vortex mixing for 3 min and
analyzed by FAAS. The suggested method was also applied
for blank samples.

Real sample analysis

Cigarette samples were collected from Kayseri City in Tur-
key and Bulgaria. The real sample analysis of the developed
VAMSPE method for cigarette samples and NCSDC 73349
Bush Branches and Leaves certified reference material was
conducted by using same digestion method given in the
literature [22]. Ten milliliters from 65% of nitric acid was
added to 1.0 g of accurately weighed cigarette sample, and
the obtained mixture was evaporated to dryness at 80-90 °C.
Later, the same procedure was repeated by the addition of
10 mL of 65% of nitric acid and 5 mL 30% of hydrogen
peroxide. After completion of the evaporation of acidic solu-
tion, 10-11 mL of distilled water was added to the resulting
mixture to extract Pb(Il) ions from digested solid phase to
water phase and the mixture was filtered through a blue band
filter paper. pH was adjusted for an aqueous sample phase
and subjected to the developed VAMSPE method explained
in Sect. 2.4. The suggested digestion and VAMSPE stages
were also applied for blank samples.

Results and discussion
Characterization of Si0,@MNDs

After the fabrication of SiO,@MNDs, their magnetic
properties were checked by applying external magnetic
field. It was seen that whole material was magnetic and
completely isolated from an aqueous phase by external
magnetic field. XRD spectra of the pristine NDs and
Si0,@MNDs are shown in Fig. 1. Iron oxide species
including magnetite (Fe;O,), hematite (a-Fe,05), magh-
emite (y-Fe,05) and goethite (FeO(OH)) are commonly
obtained in the magnetic nanoparticle formation process.
Among them, only Fe;O, and y-Fe,O; bring magnetic
features to materials. The SiO,@MNDs nanomaterial has
five main characteristic XRD peaks at 26 =30.0° (220),
35.0° (311) and 57.4° (511) that can be assigned to Fe;0,
(JCPDS card no. 19-0629) (Fig. 1) [21]. The broad band
260 =122.5° can be assigned to amorphous silica [23]. The
FTIR spectra of pristine NDs and SiO,@MNDs nano-
material are illustrated in Fig. 2. When FTIR spectrum
of SiIO2@MNDs is examined, a characteristic peak at
around 566 cm ™! belongs to Fe—O bond vibration of Fe;0,
nanoparticles. The characteristic bands at 1066, 793 and
462 cm™! are assigned to the stretching, bending and out
of plane of Si—O bonds, respectively [23]. SEM and SEM
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Fig.2 XRD spectra of the pris- A
tine NDs and SiO, @Fe;0,@
NDs nanomaterial
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mapping analysis results of Si0, @MNDs are shown in
Fig. 3. When compared with SEM images of pristine NDs
(Fig. 3a, b), significant changes in surface morphology
of the Si0,@MNDs (Fig. 3c, d) were observed. Moreo-
ver, it is seen from mapping analysis that Fe;0, and SiO,
particles form homogeneously throughout the structure
(Fig. 3c, d).

Optimization studies

pH of sample solution is a parameter which has primary
impact on the adsorption of the target analytes on the extrac-
tion studies, because it was related to the surface charge of
the adsorbent as well as the predominant form of analyte
species [24-29]. Hence, pH of sample solution should be
studied and optimized first parameter. The effect of pH val-
ues of the model solutions on the recovery values of lead(II)
was investigated in the pH range of 3.0-8.0. The results are
depicted in Fig. 4. The recoveries for lead(II) were quantita-
tive in the pH range of 6.0-7.0. For the further works, as the
optimum pH, 6.0, was selected.

This situation can be explained by the fact that when
pH increases toward alkaline, the surface charge of SiO,@
MNDs became negatively charged and consequently the
electrostatic attraction forces between the positively charged
Pb(II) ions and the adsorbent surface increase, and as a
result, the adsorption increases, but at alkaline pH condi-
tions, Pb(OH), is formed and precipitates in the aqueous
media and inhibits the adsorption of Pb(II) ions on SiO,@
MNDs surface; hence, for the further works, pH 6.0 was
selected as the optimum pH.

@ Springer
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Amount of adsorbent used in solid-phase extraction meth-
ods is another important parameter, which affects not only
the adsorption of analytes but also desorption efficiencies
of analytes [30-34]. The influences of the amount of the
Si0,@MNDs as magnetic adsorbent on the recoveries of
lead(IT) were investigated by adding of its in the range of
25-150 mg. The results depicted in Fig. 5 show that 150 mg
of the SiO,@MNDs is the enough to reach maximum
adsorption, completely elution and quantitative recoveries of
Pb(II). Therefore, further studies were carried out by using
150 mg of SiO,@MNDs as adsorbent.

The effect of vortex agitation time on adsorption of Pb(Il)
was studied in the range of 1-5 min, and the mixing time of
2 min was found to be sufficient to hold Pb(II) ions in the
solution medium on the adsorbent. Same experiments were
carried out for desorption of Pb(II) ions adsorbed on the
sorbent, and 3 min of vortex agitation time was found to be
sufficient for quantitative recovery of Pb(II).

Applicability of an analytical procedure for the real
samples is mainly dependent on the sample volume since
it reaches the lowest measurable concentration and obtains
high enrichment factor and low detection limit [15, 35—40].
Hence, the influences of the sample volume on the recov-
eries of Pb(II) by using presented VAMSPE method were
investigated in the sample volume ranging from 10 to 40 mL.
The results are depicted in Fig. 6. The quantitative recov-
ery values were obtained in the sample volume range of
10-20 mL. The obtained results showed that our method was
applicable for maximum 20 mL of sample volume by using
150 mg of the SiO, @MNDs. Hence, we used our VAM-
SPE method for analysis of lead in the cigarette and Bush
Branches and Leaves samples.
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Fig.3 SEM analysis of the pristine NDs a, b and SiO, @Fe;O0,@NDs ¢, d and EDX analysis of the pristine NDs and SiO, @Fe;0,@NDs

Elution of lead(II) from SiO,@MNDs could be done
by using diluted mineral acids such as HC]1 and HNO;.
Therefore, for quantitative recovery of Pb(Il) ion, the
adsorption studies were conducted by using 1-3 M of
hydrochloric acid and nitric acid solutions both in dis-
tilled water and acetone and moreover thiourea solution
in 1-3 M HCI. The results given in Table 1 designate that
quantitative recoveries of Pb(II) can be achieved by using
4% thiourea in 1 M HCI. Effect of eluent volume on the

recovery of Pb(Il) was studied in the range from 1.0 to
5.0 mL. The results given in Fig. 7 show that recovery
of Pb(Il) was increasing with increasing volume of elu-
ent and reached quantitative value with 5.0 mL. Hence,
5.0 mL of 4% thiourea in 1 M HCI was selected as eluent
for further experiments.

The number of cycles of the adsorbent used for adsorp-
tion studies was also optimized that each adsorbent can be
used four times. It is because of partial dissolution of Fe;O,.
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Table 1 Influences of eluent type on the recovery % of lead(II) (N:3)
100

Elution solution Recovery %
80 2 M HNO, 83+2
N 3 M HNO;, 102+3
g o0 2 M HCI 97+2
>
g 3 M HCI 98+1
% 40 4% thiourea in 1 M HCI 99+1
4% thiourea in 2 M HC1 87+6
2 4% thiourea in 3 M HCI 9446
3 M HNO; in 20% acetone 82+6
’s 4 5 6 7 8 3 M HNO; in 15% acetone 75+6
pH
Fig.4 Effect of pH on the % recovery of lead(II) (N:3) 100
80
100
X
= 60
80 g
]
O\e D
. 60 & 40
g 20
Rl
0
2 1 2 3 4 5

Eluent volume, mL

25 50 75 100 125 150
Amount of adsorbent, mg Fig.7 Influence of volume of eluent on the % recovery of lead(Il)
(N:3)
Fig.5 Effect of the SiO,@Fe;0,@NDs amount on the % recovery of
lead(ID) (N:3) Table 2 Effect of matrix ions on % recovery of lead(I) (N:3)
Matrix ions Added as Concen- Foreign  Recovery %
100 . tration, ion/
I mg L™! Pb(II)
80
- Ca** Ca(NO;),-4H,0 1000 1500 88+3
}g 60 Na*t NaNO; 2500 3750 93+3
E Zn** Zn(NO;),-6H,0 10 15 95+1
E 40 S0, Na,SO, 1000 1500 97+5
Mn?* Mn(NO3),-4H,0 10 15 93+1
20 Ca** Ca(NO;),-6H,0 1000 1500 88+2
Cu?* Cu(NO;),-3H,0 5 7.5 107+1
0
10 20 30 40 K* KC1 2500 3750 103 +3
Sample volume, mL Mgt Mg(NO;),-6H,0 500 750 100+3
Fig.6 Influence of volume of sample on the % recovery of lead(IT)
(N:3) shows that the solid-phase extraction of Pb(II) on SiO,@
MNDs is highly effective.

Therefore, Si0, @MNDs were used four times for the rest
of the other adsorption studies with 4 mL of ] M HCl and  Analytical performance of the method
4% thiourea.

The effects of coexisting ions were studied on percent ~ Some analytical characteristics of the presented method
recovery of Pb(I). Table 2 shows that there is a negligible =~ were studied. The preconcentration factor was calculated
effect of these ions on percent recovery of Pb(I). The study by dividing the highest sample volume by which the method
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can be applied (20 mL) to the final volume (4 mL). Limit
of detection (LOD) was found as 40.8 ug L' (3 Sb/m 3 Sb:
three times of the standard deviation of 11-run measure-
ments of blank solution and m: the slope of the calibration
curve after extraction). Limit of quantification (LOQ) was
found as 135 pg L™! (10 Sb/m 10 Sb: ten times of the stand-
ard deviation of seven-run measurements of blank solu-
tion and m: slope of the calibration curve after extraction).
The intra-day relative standard deviation was worked with
applying the developed VAMSPE for analysis of 73349
Bush Branches and Leaves certified reference material and
found as 5.3%. The inter-day relative standard deviation was
worked by applying the developed VAMSPE for analysis
of cigarette samples for different days and found as 11.1%.
Calibration curve for Pb(II) is equal to A=0.0021C+0.0001
with R2=0.991 (A: absorbance values obtained from FAAS
and C: concentration of lead as mg L™1).

Application of the method

For the validation of proposed method, the experiment was
carried out for the determination of lead in NCSDC 73349
certified reference material as shown in Table 3. Recovery
result shows that the method is accurate and valid for the
determination of Pb(II) at trace level. The accuracy of the
certified reference material results is verified by comparison,
using a  test, of the certified value and found value. ¢ criti-
cal value is 2.92 for 95% confidence level. The comparison
shows that our method is true due to the similarity of the
results.

For addition recovery, the method was applied to cigarette
samples, and the recovery results are given in Table 4. The
quantitative percent recovery in the range shows that method
can be successfully applied to the determination of lead in
the cigarette samples. The application of the method the
certified reference material shows that the method is highly
accurate and valid for the determination of Pb(II). In the

Table 3 Validation of the proposed VAMSPE method for Pb(Il) at
trace level NCSDC 73349 certified reference material (N:5)

Certified Pb(Il)
reference -
material Certified Found value  Recovery % ¢ value
value mg/kg  mg/kg
NCSDC 47+3 48+2 98 0.87
73349

Table 4 Addition and recovery results for Pb(Il) in cigarette sample
using the proposed VAMSPE method (N:3)

Sample Pb(II)
Added pg Found pg Recovery %
Cigarette 0 6.8+0.6 -
5 11.1+0.5 94
10 17.9+0.5 106
#Mean + standard deviation
Table 5 Application of Samples Lead con-
YAMiPE metlllod(;?.;hfferent centration
cigarette samples (N:3) ug g!
Cigarette | UDL?
Cigarette 11 9.4+0.0
Cigarette 11T 84+1.8

#Under detection limit

developed VAMSPE method, the extraction of Pb(II) was
carried out by using SiO,@MNDs as an adsorbent. After
validation experiments, the developed VAMSPE method was
applied to different cigarette samples, and lead concentra-
tions found are given in Table 5.

Table 6 Comparison of some methods in literature for determination of lead with the presented work

Technique System Instrument Eluent PF Detection R.S.D.(%) pH References
limit (ug
LY
CPE Triton X-114; bis(1H-benzo[d] FAAS 1.0 mol L™! HNO; in metha- 39 2.8 2 8 [41]
imidazol-2yl)ethyl)sulfone nol
SPE Naphthalene/ FAAS 3.0 mol L™! HNO; 100 4.5 1-2.2 4 [42]
SPE XAD-2/2-(2’- FAAS 0.050 mol L~ HCI 60 1.7 - 7-1.5 [43]
benzothiazolyazo)-p-cresol
CPE DDTP FAAS 0.050 mol L™ HCl 43 2.86 1.39 - [44]
CoP Manganese dioxide ICP-OES  HNO4/H,0, 20 32 <5 3 [45]
CoP Yttrium phosphate ICP-AES 4.0 mol L™! HNO, - 0.0137 - 3 [46]
CoP Aluminum hydroxide FAAS 4.0 mol L™! HNO, 125 16 <9 7 [47]
VAMSPE  SiO,@Fe;0,@NDs FAAS 4 mL of 4% thiourea in 4 408 53 6 [Present work]

1 mol L™' HCI
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Comparison of the presented work with literature

The comparison of the presented solid-phase extraction
procedure with the some preconcentration works in the lit-
erature is given in Table 6. The presented work is generally
comparable with these methods with preconcentration fac-
tor, detection limit and RSD % values with some exceptions.

Conclusion

A new solid-phase extraction material (SiO,@MNDs) is
fabricated and characterized for the preconcentration—sepa-
ration of lead(I) at trace levels prior to its flame atomic
absorption spectrometric determination. The simple, rapid
and accurate applicability are the main advantages of the
proposed method. The effects of coexisting ions are at tol-
erable levels. The method was successfully applied to ciga-
rette samples and NCSDC 73349 certified reference material
for determination of lead at trace levels. In further studies,
this new sorbent can be used for the extraction of different
organic and inorganic species.
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