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Abstract

In this study, a new magnetic solid phase extraction method (MSPE) was developed for the enrichment and separation of
trace amount Pb(II) on the magnetic nanoparticles synthesized using lemon peel (Fe;O,-LP). The determination of Pb(II)
in the samples was performed with inductively coupled plasma mass spectrometry. The Fe;0,-LP was characterized by
scanning electron microscopy, X-ray powder diffractometry, Brunauer-Emmett—Teller surface area analysis, and vibration
sample magnetometry. The effect of different parameters such as pH, adsorption and elution time, concentration of eluent
and volume and matrix effect on the recovery of Pb(II) was investigated for the MSPE. Considering preconcentration factor,
the detection limit value of the proposed method was calculated to be 39 ng/L for Pb (II). The accuracy of the developed
method was tested with analysis of the BCR 185 R Bovine Liver and 2976a Mussel Tissue certified reference materials. The

results were in good agreement with the certified values.
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Introduction

As trace elements and their species have an important effect
on the ecological system and biological organisms, it is of
great importance to determine the trace/ultra-trace levels of
these in different samples to study biological effects and
environmental pollution. Atomic spectrometry techniques
such as flame atomic absorption spectrometry (FAAS),
graphite furnace atomic absorption spectrometry (GFAAS),
atomic fluorescence spectrometry (AFS), inductive coupled
plasma-optical emission spectrometry (ICP-OES)] and
inductive coupled plasma mass spectrometry (ICP-MS),
are widely employed techniques in the analysis of trace ele-
ments and their species [1-7]. Of these atomic spectrometry
techniques, ICP-MS has significant advantages due to low
detection limit (LOD), wide dynamic linear range, multi-
element/isotope analysis capability, and rapid detection.
However, ICP-MS application for direct analysis of trace
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and ultra-trace elements in complex samples often suffers
from the matrix effect [8—10]. Therefore, a sample prepara-
tion method is needed before determination by ICP-MS to
separate the interfering sample matrix of the target element/
species [11, 12]. Solid phase extraction (SPE) is one of the
most widely used separation methods with ICP-MS deter-
mination, due to its simplicity, high recovery values, short
extraction time, and low cost [13, 14]. The basic principle
in solid phase extraction is to separate the target elements/
species from the sample matrix and retain them on the adsor-
bent. The adsorbent is the most crucial factor affecting the
selectivity/interference prevention ability, sensitivity, and
extraction/desorption properties of the solid phase extraction
method [13, 15]. Recently, the use of magnetic nanoparticles
(MNPs) as adsorbents in SPE has attracted great interest as
they have unique physical, chemical, and biological proper-
ties and a relatively large surface area compared to volume
[16—18]. MNPs are nanoparticles that show magnetic prop-
erties, usually containing iron, nickel, cobalt elements and
their oxides [19]. However, prepared MNPs are unstable and
tend to agglomerate in the aqueous solution, and they have
poor recyclability, low selectivity and capacity. To overcome
this problem, different synthesis and surface modification
strategies have been developed. Various chemicals, plants,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s44211-022-00088-5&domain=pdf

704

E. Cakmak, T. Oymak

plant extracts, and plant waste have been used as coating
reagent in the synthesis of MNPs [19-23]. In the last dec-
ade, the synthesis of MNPs with plants, plant extract and
plant waste material has been of greater interest than chemi-
cal agents as they are low-cost, environmentally friendly,
and the resulting products are both stable and controlla-
ble [24, 25]. Therefore, the use of various plants and plant
parts (shell peel and leaf etc.) such as the leaf of Camel-
lia sinensis, Citrus paradisi, the peel of Punica granatum,
orange peel, Pisum sativum, coconut shell, and pomelo peel,
have been investigated in the synthesis of MNPS by many
researchers and have been the focus of attention [26-31].
The use of the solid phase extraction method (MSPE), in
which magnetic nanoparticles are used as adsorbents as
the separation method before ICP-MS analysis, has further
improved the application potential of ICP-MS in complex
sample analysis, minimizing sample/reagent consumption
and pretreatment. This method has provided the opportunity
to simplify the process.

In this study, magnetic nanoparticles were synthe-
sized using the co-precipitation method with lemon peel
and characterization was performed. The characteriza-
tion of Fe;O,-LP used the methods of X-ray diffractom-
etry (XRD), Scanning electron microscopy (SEM),
Brunauer-Emmett-Teller (BET) surface area measurement
and vibrating sample magnetometer (VSM). Then, a separa-
tion and enrichment method was developed and optimized
using Fe;O,-LP as an adsorbent in the solid phase extraction
of trace level Pb (II) ion before ICP-MS analysis. Finally,
the accuracy of the method was verified with certified refer-
ence materials (BCR 185 R Bovine Liver ve 2976a Mussel
Tissue).

Experimental
Materials

All the chemicals used were of analytical reagent grade.
Hydrochloric acid (37%), sulphuric acid (98%), ammonia
solution (26%) and ferrous sulfate pentahydrate were pur-
chased from Sigma Aldrich (Steinheim, Germany). Suprapur
Nitric acid 67-69% was obtained from Carlo Erba (Val de
Reuil, France). Deionized water was used to prepare solu-
tions of varying concentrations. The standard stock solu-
tion of 1000 mg/L Pb (II) and ferric chloride hexahydrate
(99%), were purchased from Merck (Darmstadt, Germany).
The standard stock solution of 1 mg/L was diluted from the
original solution using deionized water with 2.0% nitric
acid. Working standard solutions were prepared by suc-
cessive dilution of the stock solution. Certified reference
materials (CRMs) number 2976 were purchased from the
National Standard Materials Center of US in Gaithersburg.
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The reference materials number 185 R Bovine Liver was
obtained from the Community Bureau of Reference, Com-
mission of the European Communities (Geel, Belgium). In
magnetic separation for magnet made of neodymium with
dimensions of 20%10*5 mm was used.

Instruments

An iCAP Q ICP-MS (Thermo Scientific, Germany) was
used for Pb (I) analysis after the SPE procedure. The ICP-
MS operating conditions are summarized in Table S1.The
morphology of the initial lemon peel, Fe;0, and Fe;0,-LP
samples was analyzed on scanning electron microscope
(TESCAN MIRA3 XMU Brno, Czechia). X-ray diffraction
patterns were recorded with a Panalytical—Empyrean device
(Almelo, Holland) using Cu Ka radiation (A=0.15406 nm,
40 mA, 45 kV). A continuous scan of 2 deg/min mode was
used to collect 20 data from 10 to 70 degrees, to determine
the crystal structure of the samples. Magnetization stud-
ies were conducted (Lake Shore, 7407). M-H curves were
measured with a maximum applied field of 20 kOe where
parameters including saturation magnetization (Ms) were
evaluated. Digestion of the samples was carried out in a
microwave oven (CEM MARS 6, Matthews, USA) equipped
with MarsXpress vessels for use in the acid digestion of
the samples. The pH values were measured with a Mettler
Toledo seven compact pH meter (Greifensee, Switzerland).

Samples digestions

Samples of tissue (0.025-0.1 g) and CRMs were weighed
into a microwave vessel liner, and 5 mL of nitric acid
(67-69%) was added. The liners were placed in vessels,
closed with a sealed cap, and put into the microwave oven.
The samples were digested applying the following micro-
wave program parameters: ramp time: 20 min, hold time
15 min at 200 °C (cold 10 min). The extracts were diluted
with deionized water to the final volume of 10 mL, then
taken into another test tube and stored at 4 °C.

Synthesis of iron magnetic nanoparticles
with lemon peel

The lemon peels were washed with deionized water and
dried in an oven at 55 °C, then ground to powder in a mor-
tar and sieved. The powdered lemon peels (LP) were used
in the synthesis of iron magnetic nanoparticles using the
co-precipitation method as previously reported [29, 32, 33].
To synthesize iron magnetic nanoparticles with lemon peel,
first 6.1 g FeCl;.6H,0 was dissolved in 100 mL deionized
water then, a few drops of concentrated HCI (37%) were
added to prevent the precipitation of Fe(OH), after which
4.2 g FeSO, TH,0O was added and this solution was heated to
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90 °C. A 1 g of lemon peel was dispersed in 100 mL deion-
ized water for 1 h and 20 mL NH; (26%) was added rapidly
to this solution at 90 °C. The mixture was stirred for 30 min
at 90 °C, then cooled to room temperature. The resulting
solid black material was collected with a strong magnetism
permanent magnet, and washed several times with ethanol
and deionized water. The resulting Fe;O,-LP was dried at
60 °C.

Fe;0,-LP based on magnetic solid phase extraction
methods for Pb(ll)

Model solutions containing 1 ug/L Pb (II) in 25 mL at pH 5
were prepared. The pH of the model solution was adjusted
to the value pH 5 using 0.1 M CH;COOH/0.1 M NH;. Then,
50 mg Fe;0,-LP was added to the model solution to adsorb
Pb (II) and the model solution was shaken for 1 min. A
strong magnet was used to separate magnetic adsorbent from
the liquid phase and the magnetic adsorbent was collected
on the wall of the tube. The supernatant was discarded with
a Pasteur pipette. Then, 2.5 mL of 3% HNO; was added to
the test tube to elute the adsorbed Pb (II) on the surface on
Fe;0,-LP and then, it was vortexed for 1 min. Again using
a strong magnetism permanent magnet, Fe;O,-LP particles
were collected on the wall of the tube. Eluent was withdrawn
with a pipette into another test tube and the Pb (II) content
in the eluent was determined with ICP-MS.

Result and discussion

The surface morphology of the lemon peels, Fe;O, and the
Fe;O0,-LP nanoparticles was examined using SEM. The
SEM images of the lemon peels, Fe;O, and Fe;O,-LP nano-
particles are shown in Fig. 1. As can be seen in Fig. 1, after
modification, the iron oxide particles were embedded in the
LP matrices and structural changes occurred on the surface
of Fe;0, after the LP modification.

Fe;0,-LP and Fe;O, were characterized by XRD (Fig. 2a).
The peaks were obtained at 21.5 (111), 30.3 (220), 35.7 (311),
43.3 (400), 54.1 (422),57.3 (511) and 62.9 (440). These peaks

Fig. 1 SEM images of a Fe;O,
b LP, ¢ Fe;0,-LP
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Fig.2 a XRD patterns of Fe;O, and Fe;O,-LP, b Magnetization
curves of Fe;0,4 and Fe;0,-LP

show that the major composition of MNP is Fe;O, (magnet-
ite) [34, 35]. The absence of a different diffraction peak in
the XRD pattern of MNP indicates that there are no impuri-
ties in the product obtained. The decrease in the intensity of
the peaks of Fe;O,-LP can be explained by the interaction
between Fe;0, and LP. The average nanoparticle diameter
for Fe;0, and Fe;O,-LP was calculated using the following
Debye—Scherrer equation:

k.A
Dyg; = ——2—,
HKL ™ B(20).cosf
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where D is the mean nanoparticle diameter, 1; X-ray wave-
length, B (26); half maximum width of the corresponding
peak, and @: the angle of the corresponding peak.

The average nanoparticle diameter of Fe;O, and
Fe;O,-LP was calculated as 12.1 nm and 11.7 nm using the
peak with a 26 value of 35.7°, which was the most intense
peak.

In the magnetometry device to measure magnetic satura-
tion, the hysteresis curves were measured. Magnetization
curves were obtained by applying a 20 kOe magnetic field
at 288 K. The magnetic saturation of Fe;O, and Fe;0,-LP
according to the data obtained from the vibrating magnetom-
etry device was 53.8 emu/g and 18.2 emu/g, respectively. It
can be seen from the magnetic curves (Fig. 2b) that super-
paramagnetic properties are exhibited. Magnetic adsorbents
which have superparamagnetic properties have excellent
advantages such as fast, convenient, and efficient magnetic
separation in MSPE [36]. When an external magnetic field
is applied to Fe;0,-LP, it can be easily and quickly separated
from the aqueous medium.

The calculated BET surface area of Fe;O,-LP and Fe;0,
was 97.9 m*/g, and 85.3 m?/g, respectively. According to the
analysis results, the surface area of Fe;O,-LP was larger than
that of Fe;O, and the average pore radius was smaller. The
surface area properties of lemon peel, Fe;0, and Fe;0,-LP
are given in Table 1.

To determine the point of zero charge (pzc) for Fe;0,-LP,
the pH of the solutions containing 0.1 mol/L NaNO; was
adjusted to between 2 and 8 using 0.1 mol/L HNO; and
0.1 mol/L NaOH solutions [37]. Then, each solution was
added to 50 mg of adsorbent and shaken at 25 °C for 24 h.
The magnetic adsorbent and supernatant solutions were sep-
arated using a magnet and the pH of the supernatant solu-
tions was measured with a pH meter. The changes of the pH
(ApH) were plotted against the initial pH (pH,)) and pzc was
calculated as 3.9 from the point where the curve crosses
zero. The surface charge of Fe;O,-LP was determined to be
negative when pH was >3.9. Fe;O,-LP is expected to absorb
cations at pH higher than 3.9 pH due to the negative charge
of its surface (Fig. S1).

Table 1 Surface area and pore characteristics of lemon peel, Fe;0,
and Fe;0,-LP

Surface properties

BET surface area, Pore volume, Average
m%/g cm’/g pore radius,
‘A
Lemon Peel 15.0 0.03 30.4
Fe;0, 85.3 0.29 57.8
Fe;0,-LP 97.9 0.22 39.9
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Effect of pH

pH is an important parameter for recovery of trace ele-
ments in solid phase extraction. The pH of a solution
affects balances such as the protonation/deprotonation of
the adsorbed ion and the surface, and the groups attached
to the surface. Therefore, first, the effect of the solution pH
was examined in the separation and enrichment of Pb (II).
Model solutions containing 1 pg/L Pb (I) were adjusted to
the desired pH value by buffer solution. 50 mg of magnetic
adsorbent (Fe;O,-LP) was added into model solutions and
5 min of shaking, by the rotator. The magnetic adsorbents
were separated using an external magnet. Then, the super-
natant was discarded by decantation. 5 mL of 5% HNO,
solution as eluent was added onto the separated magnetic
adsorbent and vortexed for 5 min. Afterward, the eluent
and adsorbent were separated using a magnet again. Pb
(IT) concentrations in the eluent were determined by ICP-
MS. The effect of pH on the recovery values of Pb (II)
ions is shown in Fig. 3. The quantitative recovery value
(=95%) for Pb (II) ions was obtained at pH 4-8. There-
fore, pH 5 was chosen as the optimum pH for subsequent
experiments.

The effect of adsorption and elution time

The effect of adsorption and elution time on the separation
and enrichment of Pb (II) ion with Fe;O,-LP was exam-
ined at pH 5 with 50 mg Fe;O,-LP in 25 mL. Adsorption
interaction time and elution interaction time were studied
for 1, 2,4, 6 and 8 min.

The % recovery values of Pb (II) ion for each adsorption
and elution interaction time were calculated as the average
of three parallel run results. For Pb (II) ion at all examined
adsorption and elution times, a recovery value of >95%
was obtained. Both adsorption time and elution time of
1 min were used in the subsequent experiments (Fig. S2).
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Fig. 3 Effect of pH on recovery of Pb(Il) ions
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Effect of eluent concentration and volume

The effect of the concentration and volume of the eluent on
the quantitative recovery of the Pb (II) ion attached in the
adsorbent was investigated. The MSPE method was applied
with 25 mL model solutions containing 50 mg adsorbent
and 1 pg/L Pb (II) ion at pH 5. To elute the adsorbed Pb (II)
ions, 5 mL of 5% HNO;, 5 mL of 3% HNO;, 5 mL of 2%
HNOj; and 5 mL of 1% HNOj; solutions were used. When
1%, 2%, 3% and 5% HNOj, solutions were used as eluent the
recovery value for Pb (II) ion was obtained as 84%, 95%,
96%, and 96%, respectively. The optimum eluent selected
was 5 mL of 3% HNO;. The results are shown in Fig. S3.
After selecting the eluent concentration of 3% HNO;, the
effect of 2.5 mL eluent volume on the recovery of Pb (II) ion
was investigated. Under optimum conditions, the recovery
value of Pb (II) ion was 95% with 2.5 mL of 3% HNO; as the
eluent. In the subsequent experiments, 2.5 mL of 3% HNO;
was used as the eluent.

Effect of matrix ions

The developed MSPE method was applied to 25 mL model
solutions containing different concentrations of Na (I), Mg
(ID), Ca (II), Cr (III), Al (1), Zn (II), Cd (II), Fe (IIT) Cu (II)
and Ni (II) ions. As can be seen from Table 2, the described
method separated Pb ions from matrix ions quite well and
the concentration of matrix ions in the eluate solution was
very low. The recovery % of other metal ions with concentra-
tions > 1000 higher than that of 1 pg/L Pb (II) are shown in
Fig. 4. The results indicate that Fe;O,-LP has good selectiv-
ity for Pb(II).
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Fig.4 Selectivity of the Fe;O,-LP for 1 ug/L Pb>*, 5000 pg/L inter-
ference metal ions (concentration of Fe** is 1000 pg/L)

Capacity of Fe;0,-LP for Pb (II)

To examine the adsorption capacity of Fe;O,-LP, model
solutions containing 200 mg/L Pb (II) in 25 mL at pH 5
were prepared. After adding 50 mg Fe;O4-LP to the model
solution, the prepared solution was shaken for 1 h by a
rotator. A strong magnet was used to separate the mag-
netic adsorbent from the supernatant. The supernatant was
transferred by a pipette into another tube. The concen-
tration of Pb (II) in the supernatant was determined by
ICP-MS after 500 fold dilution with 5% HNO; solution.
The same adsorption procedure was applied to without
lemon peel prepared Fe;0, magnetic nanoparticles. The
adsorption capacity of Fe;O, and Fe;O,-LP for Pb(II) was
calculated using the following equation.

Table 2 Effect of matrix ions

Matrix ions Added Salt Concentration of matrix ion in Recovery % +SD
Z);_rzc)over y of Pb (II) 1 pg/L. model solution (mg/L)
Ca®* Ca(NO,),.4H,0 1000 10245
Na* NaCl 1000 108+ 13
Mgt Mg(NO,),.4H,0 1000 93+6
cd** Cd(NO,), 5 111
Zn** Zn(NO;), 5 1047
AP* AI(NO;), 5 101+6
crit Cr(NO,),.9H,0 5 101 +7
Ni2* Ni(NO;), 5 102+3
Fe** Fe(NO5);.9H,0 1 110+2
NO, - Ca(NO,),.4H,0 3000 102+5
cr NaCl 1500 108+ 13
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_ v(Cy — Ce)
qe - W k)

where ¢,, capacity of adsorbent (mg/g); V, volume (mL); C,,
initial concentration (pg/mL); Ce, equilibrium concentration
(pg/mL) and W, amount of adsorbent (g).

The adsorption capacity of Fe;O,-LP and Fe;O, mag-
netic nanoadsorbents for Pb (II) were 93.1 +1.3 mg/g
and 48.2+4.5 mg/g, respectively. The larger capacity of
Fe;O,-LP magnetic nanoadsorbent can be explained by the
fact that the surface area is larger than that of Fe;O, and the
average pore radius is small.

Analytical figures of merit

The precision and limit of detection (LOD) of the suggested
method for Pb(II) determination were examined. When cal-
culating the limit of detection, the optimized MSPE method
was applied to ten 25 mL blank solutions. The limit of detec-
tion (LOD) and limit of quantification (LOQ) were calcu-
lated according to 3Sb/b and 10 Sb/b, respectively, where Sb
is the standard deviation of blank signals and b is the slope
of the calibration curve.

The LOD was found to be 39 ng/L and the LOQ was
129 ng/L with a preconcentration factor of 10. The precon-
centration factor (PF) was calculated as the ratio of the high-
est sample volume and the lowest final volume. With 25 mL
optimal sample volumes and final eluent volume of 2.5 mL,
a preconcentration factor of 10 was calculated.

The interday and intra-day precision of the method (as
relative standard deviation, RSD %) was determined by
performing five cycles from a solution containing 1 pg/L
Pb (IT) and these values were found to be 5.5% and 3.4%,
respectively.

The linear range of standard curve for Pb (I) without
using the developed method were found to be 0.1-50 pg/L

Table 3 Analytical performance parameters of the method for
Fe;0,-LP

Parameter Value
Preconcentration factor 10

Capacity of Adsorption 93.1 mg/g
Limit of detection (with PCF) 39 ng/L
interday precision (RSD %) 5.5
intra-day precision (RSD %) 3.4

Linear Range 0.1-50 pg/L
Correlation coefficient (R?) 0.9998
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with the equation of y=0.0598x+0.012 (R*>=0.9998). The
analytical parameters are summarized in Table 3.

Analysis of lead in real samples

To test the accuracy of the developed method, certified ref-
erence materials were analyzed under optimum conditions.
The developed MSPE method was applied to tissue samples
and standard reference materials. Then, Pb (II) concentra-
tions in the samples were measured by ICP-MS. The analysis
results are given in Tables 4 and 5.

The developed method was applied to cattle liver, kid-
ney, muscle, and lung samples taken from a local slaughter-
house in Sivas. These samples were prepared as explained
in Sect. 2.3 before the method was applied. The results are
given in Table 5.

Conclusion

In this study, a novel Fe;O,-LP was prepared and MSPE
was applied for the determination of trace Pb followed by
ICP-MS detection. The prepared Fe;0,-LP was seen to have
good saturation magnetization values and high adsorption
capacity for Pb(I). The benefits of the suggested method are
simplicity of the operation, rapidity, good repeatability, low
detection limit and low cost. The comparisons of different
analytical techniques for the determination of Pb (II) are
presented in Table S2. Compared with the other established
methods, the method described here provided low LOD,
good anti-interference ability, fast adsorption and elution
time and is suitable for the determination of trace Pb (II) in
real samples.

Table 4 The results of certified reference materials (n=3)

Certificated Value Found Value (pg/g)
(ng/®)
BCR 185 R Bovine 0.172+0.009 0.162+0.020
Liver
2976a Mussel Tissue 1.194+0.180 1.12+0.130

Table 5 The results of real

Sample Found Value (pg/g)
samples (n=3)

Liver 0.057 +0.001

Kidney 0.034+0.002

Muscle 0.104 +0.007

Lungs <LOQ

LOQ limit of quantitation
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