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Abstract In this study, a new analytical strategy was
developed to determine trace cadmium in aqueous sam-
ples with high sensitivity and accuracy. A combination
of magnetic nickel nanoparticles (Ni-MNPs) based dis-
persive solid-phase extraction (DSPE) and flame atomic
absorption spectrometry fitted with a slotted quartz tube
(SQT-FAAS) lowered the detection limit of cadmium.
The magnetic Ni nanoparticles were synthesized, char-
acterized, and thoroughly optimized in a stepwise ap-
proach. The quartz tubewas custom cut in the laboratory
to suit the specifics of the flame burner. Using the
optimized conditions, a limit of detection value of 0.58
μg/L and limit of quantification value of 1.93μg/L were
obtained. To demonstrate accuracy and applicability of
the developed method, well water samples were ana-
lyzed for their Cd content, and matrix effect on the
extraction yield was investigated. The percent recovery
results calculated ranged from 93.8 to 108.2%, with
corresponding standard deviation values ranging from
1.7 to 7.7. These results established the developed meth-
od as sensitive, accurate, and precise for determination
of cadmium at trace levels.
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Introduction

Cadmium is one of the most common industrial pollut-
ants that can cause critical health and environmental
problems (Registry 2012). The release of cadmium into
natural resources may cause serious effects on human
health and the ecosystem. Even though cadmium causes
no significant harm to the well-being of living organ-
isms at low concentrations, its accumulation could lead
to serious health problems such as different cancer types
(Nawrot et al. 2006). Therefore, a sensitive and accurate
quantification method for trace cadmium is essential to
determine its levels in food and environmental samples
and to take the necessary precautions on time.

Modern technology provides high-end instruments
such as inductively coupled plasma-optical emission
spectrometry (ICP-OES) (de la Rosa et al. 2004), induc-
tively coupled plasma-mass spectrometry (ICP-MS)
(Djedjibegovic et al. 2012), and electrothermal-atomic
absorption spectrometry (ET-AAS) (Zhong et al. 2016)
for the determination of toxic elements. These instru-
ments are well-known for determination of cadmium at
trace and ultra-trace levels for decades now. Despite
their highly accurate and sensitive determination capa-
bilities, these instruments having complex user inter-
faces are expensive and relatively hard to access in
many regions (Akkaya et al. 2017). Thus, a more com-
mon, cheap, and easy to operate instrument, flame
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atomic absorption spectrometry (FAAS), comes into
prominence. However, FAAS has its own drawbacks,
and these drawbacks cause relatively low detection per-
formance when compared with the abovementioned
determination instruments (Keskin et al. 2015). To over-
come this, instrumental improvements have been devel-
oped, including the attachment of a slotted quartz tube
(SQT) onto the burner head of the FAAS instrument
(Çelik et al. 2018). This attachment helps to retain
analyte atoms in the pathway of radiation from light
source by 2 to 5 times more than regular period, and
this improves absorbance signals (Arslan et al. 2011).

There are also different sample treatment techniques
that are used to decrease matrix effect and increase the
concentration of the analyte. These are achieved by
extracting the analyte of interest to a different and\or
smaller volume of media. Some of these techniques are
dispersive solid-liquid extraction (Álvarez Méndez et al.
2015), single-dropmicroextraction (Wen et al. 2013), and
solid-phase extraction (Huang and Hu 2008). Solid-phase
microextraction utilizes solid materials to adsorb the an-
alyte onto its surface and release it with an appropriate
eluent. Magnetic particles based dispersive solid-phase
extraction is one of the sub-branches of SPME which
relies on magnetic particles’ surfactant and magnetic
properties. Magnetite (Li et al. 2005), maghemite
(Rajput et al. 2017), nickel (Ai et al. 2017), and cobalt
(Akkaya et al. 2019) are the most common magnetic
particles and can find broad application areas (Wierucka
and Biziuk 2014). Magnetic nickel nanoparticles (Ni-
MNPs) show high analyte selectivity and high magnetic
properties, whichmakes them preferable as DSPE agents.

In this study, Ni-MNPs were used as DSPE agent to
extract cadmium from environmental water samples.
Ni-MNPs showed high extraction efficiency and, thus,
high percent recoveries at different concentrations. To
the best of our knowledge, this is the first study in the
literature that employed Ni-MNPs as DSPE agent for
the sensitive and accurate extraction/preconcentration of
cadmium from aqueous media prior to quantification by
SQT-FAAS.

Experimental

Chemicals and reagents

Ni-Al alloy and sodium hydroxide used for Ni-MNP
synthesis were purchased from Merck, Germany, and

Sigma-Aldrich, USA, respectively. Cadmium standard
stock solution (1000 mg/L) used for optimization stud-
ies during the method development was obtained from
High-Purity Standards, USA. Ultrapure water used for
dilution and cleaning processes was obtained from a
Milli-Q® Reference Ultrapure Water Purification Sys-
tem. Potassium dihydrogen phosphate, sodium bicar-
bonate, and di-sodium tetraborate decahydrate and other
chemicals including ethanol, nitric acid, and hydrochlo-
ric acid were purchased from Merck, Germany.

Apparatus

PerkinElmer AAnalyst 400 AAS was used to determine
Cd. To improve the residence period of atoms in the
light path, a lab-cut quartz tube was attached to the
flame unit of the FAAS (14 mm outer diameter,
35 mm exit slot, and 115 mm entrance slot). Cadmium
hollow cathode lamp (2.0mA, 228.8 nm) was applied as
light source, and a deuterium lamp was used as back-
ground corrector tool. A hot plate (IKA RCTmodel) for
the heating purposes, a pH meter (Hanna brand) for pH
measurement, and a scale (OHAUS brand) for weighing
the nanoparticles were used. Sample agitation was done
using a HAPA M-100 model ultrasonicator and a
Benchmark Scientific Inc. (USA) BV1000 Vortex mix-
er. The morphological properties of nanoparticles were
observed by using a Zeiss EVO® LS 10 scanning
electron microscopy. PANanalytical XRD system was
used to determine phase composition of the prepared
nanoparticles. In the separation of magnetic nanoparti-
cles from the sample/standard solution, different sizes of
neodymium magnets were used.

Synthesis of coated magnetic nanoparticles

The procedure reported in the literature by Michalcová
et al. was modified in this study for the synthesis of Ni-
MNPs (Michalcová et al. 2014). Briefly, 10 g NaOH
and 200 mL ultrapure water were added into a beaker
and heated on a hot plate. The solution was stirred at 900
rpm, and when it reached 80 °C, 20 g NiAl (50:50 wt%)
was added to the beaker and stirred for 2.0 h at 80 °C.
Then, the nanoparticles formed were successively
washed 4 to 5 times with ultrapure water and ethanol.
In the last step, the washed nanoparticles were dried
overnight in an oven set to 50 °C.
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Extraction procedure

Seventy-five milligrams of Ni-MNPs was weighed
and transferred to a 15.0 mL centrifuge tube con-
taining 8.0 mL of Cd standard solution. The solution
was vortexed for 120 s for an efficient dispersion
and optimum nanoparticle-sample interaction.
Cadmium-adsorbed Ni-MNPs were then gathered
to the inner wall of the tube by means of an external
magnetic field (neodymium magnet). The superna-
tant was discarded while the particles were held still.
Finally, 150 μL of conc. HNO3 was used to release
the adsorbed analyte, and the eluent was sent to
SQT-FAAS system for absorbance reading.

Results and discussion

In order to lower the detection power of the determina-
tion system, all experimental parameters were optimized
using the one-parameter-at-a-time design. To be precise,
one parameter was optimized, while the others were
held constant. In all optimization studies, triplicate mea-
surements were performed, and the highest average
absorbance value was used in selecting the optimum
value.

Characterization of magnetic nickel nanoparticles

X-ray diffraction was used to analyze the structure of the
prepared Ni-MNPs. Figure 1 shows the XRD pattern of
the produced Ni-MNPs. The intensity was determined
in the range of 40° < 2θ < 80° with 0.02° step size. The
three characteristic peaks observed for nickel 2 = 44.45,
51.78, and 76.42° correspond to the 2θ values for the
planes (111), (200), and (220), respectively. This indi-
cates that the resulting powders are cubic structure nick-
el (PDF #04-016-6268). As seen from the XRD plot, the
(111) reflection is the maximum intensity for the peaks.

SEM (scanning electron microscopy) was used to
observe whether the particles are formed in nano-size
or not. As seen in Fig. 2, the size of the particles ranged
below 100 nm which clearly indicates that the particles
are nano-sized.

Optimization of pH of the solution and buffer amount

pH of a solution is one of the important parameters
in extraction studies because it determines the

magnitude of the affinity between the analyte and
the solid adsorbent. In this optimization step, pH
2.0, 5.0, 9.0, 11, and 13 buffer solutions were added
to standard solutions. 2.0 mL of buffer solution was
added each time, and to avoid any differentiation on
the Cd concentration, final volume after buffer ad-
dition was taken into account. An un-buffered sam-
ple was also tested to see the extraction performance
of the solution’s natural pH (6.95), and the highest
response was obtained from the pH 6.95 solution as
can be seen in Fig. 3.

Optimization of the amount of magnetic Ni nanoparticle

The amount of magnetic nanoparticles has a signif-
icant effect on the performance of the extraction
procedure. More MNP means more surface area
which provides more active centers for the analyte
to interact, but it also causes the need for excess
amount of elution solvent to recover all the analyte
from the particle surface. The use of excess eluent
would cause a decrease in the final analyte concen-
tration by diluting it. On the other hand, inadequate
amounts of MNP would not be able to efficiently
collect the analyte in the standard/sample. Therefore,
different amounts (25, 50, 75, and 100 mg) of MNP
were tested, and the optimum one was determined as
demonstrated in Fig. 4. As can be seen in the figure,
75 mg was selected as optimum amount. In the
usage of 100 mg, signal of the analyte decreased.
It might be due to the low desorption of the analyte
from the MNP because same volume of eluent was
used in all amount usages.

Fig. 1 XRD pattern of magnetic nickel nanoparticles
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Duration and type of mixing

After the determination of the optimum MNP
amount, the next step was to determine the optimum
interaction type and period between the particles and
the sample. Selection of the proper mixing type to
increase the extraction yield is crucial in extraction
studies because the right type of mixing provides an
efficient interaction, therefore, a higher yield. For
this purpose, ultrasonication and vortex mixing were

tested, and the latter was selected as the optimum
mixing type due to its higher absorbance values.
Different interaction periods were also tested to ob-
serve their effect on extraction yield. Insufficient
interaction period may hamper the maximum ad-
sorption, and excess mixing on the other hand may
result with desorption of the analyte from the adsor-
bent surface. Thus, 15, 30, 45, 60, and 120 s mixing
periods were tested, and 120 s was selected for its
highest outcome.

Fig. 2 SEM images of magnetic Ni nanoparticles
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Fig. 3 The correlation between absorbance and pH
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Type and amount of the eluent

The selection of the amount and the type of eluent is as
crucial as other optimization parameters. The elution
solvent is responsible for desorption of the analyte from

the surface of the MNPs. HCl and HNO3 were tested in
this optimization, and the analyte recovery performance
of HNO3 was approximately two times higher than the
results obtained from HCl; thus, HNO3 emerged as
optimum eluent due to its high elution performance.
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Fig. 4 A chart showing the effect of nanoparticle amounts on extraction yield
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Fig. 5 A chart showing the effect of eluent amounts on extraction yield
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Different concentrations of HNO3 were also tested (75,
100, 150, 200, and 250 μL) in the selection of optimum
amount. The results indicated that 150 μL of HNO3 was
efficient to elute appreciable amounts of the analyte.
Excess amounts of the eluent would dilute the final
concentration, and inefficient amounts would fail to
desorb all of the analyte. A Gaussian-like shape that
demonstrates this phenomenon can be seen in Fig. 5.

Analytical figures of merit

Instrumental parameters and SQT height were investi-
gated, and the optimized values obtained are presented

in Table 1 together with optimum extraction parameter
values.

A wide linear range (2.0–100 μg/L) with a high
correlation coefficient factor of 0.9995 as shown in
Fig. 6 and very low detection (LOD)/quantification
(LOQ) limits (0.58/1.93 μg/L) were obtained using the
optimum experimental conditions. Table 2 shows the
improvement achieved by comparing the LOD-LOQ
values of the conventional FAAS with the optimized
systems. Table 2 also presents the analytical figures of
merit values of similar determination methods published
in the literature.

The following equations were used for the calcula-
tions made in this study:

Limit of detection (LOD) = 3*Std deviation of the
lowest conc.\slope of cal. plot

Limit of quantification (LOQ) = 10*Std deviation of
the lowest conc.\slope of cal. Plot

Enhancement factor = (LOQ value of direct analy-
sis)/(LOQ value of Ni-MNPs-SPE-SQT-FAAS)

Recovery studies

Different sample matrices have their own characteristic
properties, and these may cause interferences by either
suppressing or enhancing the signal of the analyte of
interest. To observe matrix interferences, an artificially

Table 1 Optimization results of the Ni-MNPs-SPE-SQT-FAAS
method

Parameter Parameter value

MNP amount 75.0 mg

pH Natural

Mixing type Vortex

Mixing period 120 s

Eluent type HNO3

Eluent amount 150 μL

Flow rate (C2H2) 45 L/h

SQT height 1.0 mm

y = 0.0055x - 0.0082
R² = 0.9995
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Fig. 6 Linear calibration plot obtained using the optimized method
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aggravated matrix solution or a real sample solution can
be used. In this study, well water samples obtained from
three different sources were analyzed under the opti-
mum conditions for their Cd content, and there was no
signal obtained for the samples. Hence, spiking experi-
ments with known concentration of analyte were per-
formed. Table 3 presents the results obtained. The close-
ness of the recovery results to 100% shows that the real
sample matrix did not hinder the extraction performance
of the developed method, which is a good indicator that
applicability of the developed method is high for the
selected matrix.

Conclusions

An efficient, simple, accurate, and cheap analytical
method for the determination of Cd was developed
utilizing Ni-MNPs as SPE adsorbent agents. This was
achieved by combining Ni-MNPs-DSPE with SQT-
FAAS. Recovery studies showed that the developed
method is applicable to real samples and can be safely
used for the quantitative determination of Cd with high
accuracy and precision under the optimum conditions.
The method is also practical with its few extraction steps
and presents low time consumption. This study is the
first one in the literature where magnetic Ni nanoparti-
cles as SPE agent was used to extract/preconcentrate Cd
from aqueous samples prior to its accurate quantification
by SQT-FAAS system.
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