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Abstract: In this project, a prompt, efficient, and effective method for Cd2+ ions extraction from
different food and water samples using magnetic dispersion-based solid phase extraction by function-
alized iron oxide nanoparticles was proposed. Iron oxide nanoparticles were synthesized through
the co-precipitation method followed by functionalization with tetraethyl orthosilicate (TEOS) and
3-aminopropyl silane (APTES) to obtain Fe3O4@SiO2@APTES. This composite was characterized
through different techniques, including vibrating sample magnetometer, dynamic light scattering,
zeta potential, FTIR, SEM, XRD, and BET. Variables studied were pH, temperature, sorbent amount,
sonication time, and sample and eluent volume affecting the sorption efficacy of freshly synthesized
sorbent. Plackett–Burman design was utilized for the identification of significant factors for microex-
traction of target analyte, while the central composite design was utilized for the optimization of
significant factors. Detection and quantification limits obtained were 0.17 and 0.58 µgL−1, respec-
tively, with an enhancement factor of 83.5. Under optimum conditions, Fe3O4@SiO2@APTES showed
good stability even after >80 adsorption/desorption cycles run while maintaining over 96% analyte
recoveries. The developed method was validated by assessing certified reference materials and
standard addition methodology for Cd2+ detection in real samples. To confirm the precision, repeata-
bility (RSDr) and reproducibility (RSDR) were calculated and found as <3.0 (n = 7) and <7.5 (n = 15),
respectively. Furthermore, in accordance with the ISO/IEC 17025 recommendations, the validation
was also confirmed through a “bottom-up” approach while considering all possible uncertainties in
data.

Keywords: cadmium; microextraction; sorbent; food samples; chemometrics

1. Introduction

Heavy metals exist naturally in the environment, but anthropogenic activities elevate
the concentration of these elements [1]. These elements cause detrimental effects on human
health as well as on the biotic and abiotic environment causing several diseases in living
organisms and lowering the quality of water. Pollution caused by heavy metals in the water
bodies is a serious environmental threat, as they are highly toxic even at low concentrations,
tend to bioaccumulate in tissues, and are non-biodegradable [2]. Effluents from industries,
sewage systems, and tanneries contaminate water bodies. Among the commonly found
heavy metals in water bodies, cadmium toxicity is one of the most prevalent problems
globally, and its intake causes chronic pulmonary diseases, renal failure, and prostate
diseases. Cadmium toxicity also causes several syndromes, liver impairment, and mutation
in genes that causes problems in the development of the fetus [3,4]. Cadmium poisoning is
a global health-related problem and is considered harmful to multiple organs. Cadmium
exposure may occur through water, food, air, and even soil [5]. Some drugs and nutritional
supplements may also lead to Cd contamination [6]. Its chronic exposure can directly affect
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the central nervous, cardiovascular, respiratory, reproductive, and excretory system and
may cause cancer [5]. Cadmium exposure occurs through consuming contaminated food
and water, leading to longstanding health problems.

Many classical methods have been used to reduce the contamination caused by heavy
metals, including membrane separation, filtration, electrochemical treatment, ultrafiltration,
ion exchange as well as adsorption [7]. Solid-phase extraction is widely employed for
heavy metal remediation for several samples, including aqueous media [8]. Sorbents for
the removal of heavy metals include a variety of materials, clays, bio-composites, and
activated carbons [9]. These materials are not generally used for the adsorption process
due to low efficiency, smaller adsorption capacity, and unavailability in the bulk form [10].
To cope with these limitations and ensure safe methods for conditioning wastewater,
nanoparticles, and nanocomposites are widely used, such as composite made up of iron
oxide chitosan zero-valent iron nanocomposites and activated carbon, silica-coated iron
oxide nanocomposites, which are effective due to their high adsorption capacity [11,12].

Magnetic solid-phase dispersion is widely used for the remediation of heavy metals
from waste waters using nanosorbents as these particles provide high surface area, offers
higher adsorption capacity, and are cost-effective materials that efficiently extract heavy
metal ions even if present in trace amount [7,13]. Iron oxide-based nanoparticles have
a great potential for the removal of contaminants because they are cost-effective, easily
synthesized, and modified [14]. Properties of iron oxide nanoparticles include a higher
surface area-to-volume ratio and less toxicity in nature; they are chemically inert, biocom-
patible, and super-paramagnetic in nature [15]. Iron oxide nanoparticles attained prime
importance due to easy separation of particles from sample solution when an external
magnetic field is employed for regeneration [16]. Several methodologies have been used to
synthesize nanoparticles, including co-precipitation, emulsion, sol-gel process, hydrother-
mal, and chemical vapor deposition, to obtain desired properties, tunable size, structure,
and shape [17].

The co-precipitation process for the synthesis of iron oxide nanoparticles is the easiest
and quite proficient chemical route. Synthesis of magnetite typically takes place by mixing
a stoichiometric mixture of ferric and ferrous salts in aqueous media [18]. By regulating pH,
temperature, nature of salt used, and ionic strength, the size and structure of nanoparticles
are easily tuned. The co-precipitation process involves the synchronized procedures of
growth coarsening, agglomeration, and nucleation process [19]. However, naked iron oxide
nanoparticles are prone to oxidation and form aggregates [20]. Surface modification of
magnetic nanoparticles with a particular ligand enhances the selectivity and makes it a
suitable sorbent. Iron oxide nanoparticles are modified by different methods, for example,
the addition of functionalities such as carboxylic group, aldehydes, doping of metal ions,
and coating of organic polymers, surfactant, and silica [21]. Inert coating of materials
such as SiO2 for surface modification of magnetic iron oxide nanoparticles is employed,
which inhibits the formation of aggregates in liquid media and enhances chemical stability.
Metal iron oxide nanoparticles have adsorptive properties, which can be improved by
adding functional groups to their surface. Iron oxide coated with silica results in less
agglomeration, higher stability, and minimum cytotoxic effect [22]. Different silanes are
employed for introducing silica on iron oxide nanoparticles, such as tetraethyl orthosilicate
(TEOS), aminopropyl silane (APTES), sodium silicate, etc. [23,24].

Analytical data are usually accompanied by several known and unknown errors called
uncertainties. The presence of such errors leads to the dispersion of results; thus, their exact
estimation is of prime importance. So far, the estimation of uncertainty has been applied to
the analytical results only [25]. In the case of the determination of trace analytes, validation
through the estimation of uncertainty is considered a unique tool, which can be performed
either by bottom-up or top-bottom approach. The former approach measures all possible
uncertainty sources individually, while the latter combines all sources together [26–28].

In this work, amine functionalized Fe3O4@SiO2 nanoparticles were utilized as sorbents
for fast and efficient preconcentration of Cd2+ ions. Synthesized nanosorbent was char-
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acterized by Fourier transformed infrared (FT-IR) spectroscopy, SEM analysis, and XRD
spectroscopy. Magnetic properties, zeta potential, and hydrodynamic size of the sorbent
were also studied. Functionalization of the sorbent enhanced its stability and adsorption
capacity. The Plackett–Burman design was utilized to find out the optimum conditions for
the adsorption of Cd2+ ions via response surface methodology [29]. Finally, synthesized
nanosorbent was applied for preconcentration of Cd2+ ions in different water and food
samples.

2. Experimental Procedure
2.1. Reagents and Solutions

All reagents utilized were of analytical grade. Fe(NO3)3.9H2O, FeSO4.7H2O, NaOH,
tetraethyl orthosilicate (TEOS), 3-aminopropyl silane (APTES), ethanol, ammonium hy-
droxide, potassium hydroxide, and hydrochloric acid were purchased from Merck (Darm-
stadt, Germany) and used without further purification. A standard solution of Cd2+ of
1000 mgL−1 was purchased from Fluka Kamica (Buchs, Switzerland).

2.2. Instrumentation

For FT-IR analysis, PerkinElmer UATR Spectrum Two™ was used. The crystalline
structure and phase of IONPs were analyzed by using PANalytical X-ray diffractometer
model 3040/60 X’Pert PRO operated at 45 kV and 40 mA source having CuKα (λ = 1.54 Å)
radiation at step width of 0.02◦ over angle range of 10–80◦. SEM analysis of iron oxide
and functionalized iron oxide nanoparticles was carried out by JSM5910 manufactured by
JEOL, Japan, with the energy of 30 kV, whose maximum magnification is 300,000× with
the maximum resolving power of 2.3 nm.

Dynamic light scattering and zeta-potential measurements were performed via Zeta-
sizer Nano ZSP from Malvern Instruments (Malvern Panalytical Ltd, Malvern, Worcester-
shire, UK) with the aid of Malvern Zetasizer software (v7.13). The specific surface area of
Fe3O4@SiO2@APTES was assessed through BET (Autosorb-iQ-MP/XR by Quantachrome
Instruments, Anton Paar QuantaTec Inc. Florida, Boynton Beach, FL, USA) along with N2
as adsorbate at 77 K. Magnetic parameters were investigated through vibrating sample
magnetometer (Model-EV9) with ±15 KOe applied field at 25 ◦C. For the determination of
preconcentrated Cd2+ ions flame atomic absorption spectrometer (PerkinElmer AAnalystTM

700, (PerkinElmer Inc., Waltham, MA, USA) was used.

2.3. Synthesis of Surface Modified Iron Oxide Nanoparticles (Fe3O4@SiO2@APTES)
2.3.1. Synthesis of Iron Oxide Nanoparticles

Synthesis of iron oxide nanoparticles was carried out by using the co-precipitation
method. The aqueous solution with 0.02 M of Fe(NO3)3.9H2O and 0.01 M was prepared.
The solutions of 0.02 M of Fe(NO3)3.9H2O and 0.01 M FeSO4.7H2O were mixed together in
a ratio of 2:1. The solution was continuously stirred for better homogeneity at 80 ◦C for
30 min. Then, the precipitating agent NaOH (3 M) was added dropwise to the solution.
The stirring is continued for 2 h at 80 ◦C at pH 11. Synthesized precipitates were filtered
and washed several times with distilled water. The nanoparticles were dried overnight at
80 ◦C in the electric oven. The nanoparticles were obtained in bulk form and were ground
with the help of a pestle and mortar [2,15]. A percent yield of 95.7% was obtained for Fe3O4
through the co-precipitation method.

2.3.2. Surface Modification of Iron Oxide Nanoparticles

Tetraethyl orthosilicate (TEOS) and ethanol were dissolved in a proportion of 1:1. 1 g
of Fe3O4 was added to a 15 mL suspension of TEOS and ethanol. Ammonium hydroxide
was added to this dispersion to adjust pH 11. The mixture was continuously stirred
magnetically for 24 h. The product obtained was silica-coated iron oxide nanoparticles
(Fe3O4@SiO2) which were washed numerous times with ethanol and water. The product



Separations 2023, 10, 124 4 of 17

was dried at 60 ◦C in an electric oven [30]. The yield for Fe3O4@SiO2 at the end of this step
was 91.8%.

2.3.3. Functionalization of Fe3O4@SiO2 with APTES

Briefly, 1 g of silica-coated iron oxide nanoparticles was dispersed in a mixture of
ethanol, water, and APTES taken in a ratio of 1:1:1. The mixture was stirred for 5 h at 50 ◦C.
pH of the mixture was adjusted to 11 by adding 0.2 M solution of KOH dropwise. The
product obtained was washed with a mixture of ethanol and distilled water several times.
Amine functionalized silica-coated iron oxide nanoparticles obtained were dried at 60 ◦C in
an electric oven. The overall percent yield observed was 89.7% for Fe3O4@SiO2 @APTES.

2.4. Microextraction Procedure for Cadmium Ions

The extraction of Cd2+ ions from aqueous solutions was studied in batch mode ad-
sorption. During the sorption step, 50 mgL−1 of Cd2+ solution was used. pH of the Cd2+

solution was adjusted using a 0.1 M solution of sodium hydroxide and hydrochloric acid
which was added dropwise. The synthesized sorbent was added to the analyte solution,
which was sonicated for a few minutes to ensure complete adsorption of Cd2+ from the
solution. Finally, the beaker containing the mixture was left undisturbed until the sorbent
aggregated and settled at the bottom of the beaker. Clear solution was disposed of. Then
0.1 M HCl was added to the sorbent for elution of Cd2+ ions, and the mixture was shaken
and kept under the influence of a magnetic field to aggregate the sorbent. The clear solution
obtained was taken out and analyzed by FAAS to determine the amount of Cd2+.

2.5. Experimental Design Methodology

To study the effect of variables that influence the process of adsorption, each factor
must be studied in correspondence with non-linear effects and the interaction among these
factors. Multivariate experimental design, in comparison with traditional approaches,
permit the optimization of more than one variable simultaneously. This procedure is quick
as the number of experiments is reduced, making it cost-effective as well.

2.5.1. Plackett–Burman Design

Plackett–Burman design is an optimization tool for screening significant factors which
have an impact on the efficacy and potency of the proposed technique. Minitab software
v17.1 (Minitab Inc., State College, PA, USA) was used for designing the experiment. This
design yields a proficient, prompt, and potent optimization approach contrary to the
univariate process. The two levels of Plackett–Burman design with a set of twenty-four
experiments were used to identify the optimum factors. The empirical data were evaluated
using Minitab 17.1.

Lower (−) and higher (+) levels of factors and results obtained during their optimiza-
tion through the Plackett–Burman matrix are shown in Table 1a and b, respectively. A
standardized pareto chart is devised to illustrate the results of the Plackett–Burman design
(Figure 1). Parameters that have an impact on adsorption efficacy on the devised procedure
are evident and were identified where the absolute magnitude of given parameters are
represented by the horizontal bars. The fitted quadratic response model is shown below as
Equation (1):

y = βo +
k

∑
i=1
βixi +

k

∑
i=1

k

∑
j=1
βixixj +

k

∑
i=1
βiix

2
i + ε (1)
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Table 1. (a) Factors and levels used in the factorial design. (b) Design matrix and the results of % R
(n = 5).

(a)

Factors ID Unit Lower− Higher+ Optimum a

pH A - 3 8 4.5
Temperature B ◦C 30 50 40

Amount of sorbent C mg 20 40 30
Sonication time D min 2 10 6
Sample volume E mL 10 30 20
Eluent volume F mL 5 15 10

(b)

S. No. A B C D E F % Recovery

1 + + − − − − 37.0 ± 2.3
2 + + − − − − 40.7 ± 3.2
3 + + + − − − 38.3 ± 2.6
4 + + + + − − 87.7 ± 0.8
5 + + + + + − 99.8 ± 0.2
6 − + + + + + 83.9 ± 1.4
7 + − + + + + 41.9 ± 2.9
8 − + − + + + 43.8 ± 1.6
9 + − + − + + 48.1 ± 0.9

10 + + − + − + 42.5 ± 3.7
11 − + + − + − 93.8 ± 0.6
12 − − + + − + 87.0 ± 1.5
13 + − − + + − 55.5 ± 0.3
14 + + − − + + 83.9 ± 1.2
15 − + + − − + 54.9 ± 2.5
16 − − + + − − 53.7 ± 2.3
17 + − − + + − 49.4 ± 3.3
18 − + − − + + 56.2 ± 4.6
19 + − + − − + 72.9 ± 1.8
20 − + − + − − 88.3 ± 1.3
21 − − + − + − 38.3 ± 4.7
22 − − − + − + 96.3 ± 0.6
23 − − − − + − 85.2 ± 2.4
24 − − − − − + 51.2 ± 4.2

a Optimum values for significant factors.

Here “y” is the predicted response, while xi and xj are coded values of independent
factors. Regression coefficients for intercept, linear, quadratic, and interaction terms are
shown as β0, βi, βij, and βii, respectively, while “ε” is the random error.

2.5.2. Central Composite Design

The CCD method involves the combination of a two-level factorial design and some
extra points, i.e., star points with at least one central point of the experiment. Many different
points, such as rotatability and orthogonality, are obtained from this reference central
point to adjust quadratic equations. The central composite design is the most recognized
experimental design for second-order models, as it allows one to draw a conclusion with
a small set of experiments and provides good results. In this study, Minitab 17.1 version
and STATISTICA were used for analyzing data obtained from experimental design and
response obtained.
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3. Results and Discussions
3.1. Characterization Studies
3.1.1. Fourier Transformed Infrared Spectra

FT-IR spectra were obtained between 500 and 4000 cm−1. In Figure 2a, the presence of
sharp peaks at 516 and 431 cm−1 confirms the presence of the Fe-O bond in bare iron oxide
nanoparticles. Spectrum of Fe3O4@SiO2@APTES (Figure 2b) shows new peaks, which
indicates the presence of Si-O and Si-O-Si bonds which is the result of surface modification
of iron oxide nanoparticles. Band at 604 cm−1 is associated with the vibration of the Fe-O
bond. The peaks at 797 and 896 cm−1 show symmetric and asymmetric vibrations of Si-O-Si,
respectively [31,32]. The band at 1067 cm−1 is responsible for the asymmetric stretching
vibration of Si-O [33]. The bands at 3436 cm−1 and 1635 cm−1 could be attributed to the
presence of -NH2 stretching and bending, respectively [34,35]. Similarly, the absorption
band at near 1429 cm−1 may be attributed to bending vibrations of the -NH2 group in the
Fe3O4@SiO2@APTES composite [36].

3.1.2. SEM

SEM images obtained show that the particles of iron oxide nanoparticles (Fe3O4)
and functionalized iron oxide nanoparticles (Fe3O4@SiO2@APTES) are homogenously
distributed. Figure 3a,b confirms that the size of synthesized nanoparticles lies in the
range of nanometers. According to the images obtained by SEM analysis, the particles are
granular in their morphology. The specific surface area of the adsorbent assessed through
BET was found to be 187.5 m2 g−1, whereas the adsorption capacity was 165.2 mg g−1.

3.1.3. X-ray Diffraction Pattern

The synthesized nanoparticles, when analyzed with XRD analysis, revealed that the
sample is amorphous in nature because the product was not subjected to heat treatment [37].
The results in Figure 4 indicated the presence of short-range crystal order within the crystals
of a few net plane periods resulting in the line broadening β of reflections being larger.
Surface modification of these nanoparticles altered its amorphous nature to crystalline,
indicating the presence of Fe2O3 and Fe3O4 mixture as all peaks in the figure could be
indexed to Fe2O3 and Fe3O4 the parent nanoparticles of Fe3O4@SiO2@APTES.
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3.1.4. Dynamic Light Scattering Analysis

Hydrodynamic properties of both bare iron oxide nanoparticles (Fe3O4) and modified
iron oxide nanoparticles (Fe3O4@SiO2@APTES) were studied by light scattering. As shown
in Figure 5a,b, the hydrodynamic diameter of bare iron oxide nanoparticles is 356 nm,
which is reduced to 206.9 nm after surface modification. This size reduction renders
to increased colloidal stability of nanoparticles. Bare iron oxide nanoparticles have a
higher concentration of hydroxyl ions, making them hydrophilic and resulting in greater
hydrodynamic size, whereas modified iron oxide nanoparticles lost the hydroxyl ions in
the process of condensation, resulting in less hydrophilicity and aggregation, reducing
their hydrodynamic size [38].
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3.1.5. Zeta Potential

Zeta potential analyzer is used to determine the surface charge of nanoparticles. Bare
iron oxide nanoparticles have a +11 mV zeta potential (Figure 6a). As a result of the surface
modification of these nanoparticles, zeta potential is decreased to −12.9 mV in the case of
Fe3O4@SiO2@APTES (Figure 6b). The negative charge on Fe3O4@SiO2@APTES is one of the
prime factors for easy dispersion of these nanoparticles in water, as a negative zeta value
results in high stability and good dispersion in aqueous media [39]. During the surface
modification of iron oxide nanoparticles, hydroxyl content was reduced; as a result, there
was no agglomeration.
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3.1.6. Vibrating Sample Magnetometer

The values of saturation magnetization, remanent magnetization, and coercivity of
bare iron oxide nanoparticles (Fe3O4) in Figure 7 show that these nanoparticles are more
magnetic in nature than modified iron oxide nanoparticles (Fe3O4@SiO2@APTES). Bare iron
oxide nanoparticles are permanent magnets, as they have high remanence and coercivity. The
magnetization of nanoparticles is reduced after surface modification of these nanoparticles.

Separations 2023, 10, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 7. VSM magnetization curves for (a) Fe3O4 and (b) Fe3O4@SiO2@APTES. 

3.2. Optimization of Experimental Parameters via Multivariate Strategy 
Analytical parameters that can affect the potency of Cd2+ adsorption by 

Fe3O4@SiO2@APTES were optimized using a multivariate strategy. Simultaneous optimi-
zation of analytical factors yields better recovery of analyte. The optimized parameters 
were pH, temperature, amount of sorbent, sonication time, the volume of sample, and 
eluent volume for magnetic dispersion-based solid-phase extraction of Cd2+ ions through 
Fe3O4@SiO2@APTES. 

3.2.1. Central Composite Design 
To optimize the factors, a two-level Plackett–Burman design comprising 24 experi-

ments was used. In contrast with full factorial design, the number of experiments is re-
duced significantly for optimization. Six factors were primarily subjected to optimization. 
The Pareto chart (Figure 1) revealed that five out of six are significant. Significant param-
eters were further studied by central orthogonal composite design. 

A set of 28 experiments was established via a central orthogonal composite design 
with 4 degrees of freedom. These experiments were performed for the optimization of 
conditions for magnetic dispersion-based solid-phase microextraction and confirmation 
of mutual interaction among these factors. These 28 experiments led to the optimization 
of significant factors (i.e., pH, temperature, amount of sorbent, sonication time, and eluent 
volume), and recoveries of Cd2+ are given in Table 2. In all the experiments of CCD 10 mL 
of sample, volume was utilized for analysis. At the optimal values of these factors, recov-
ery of the analyte is maximum, whereas a decrease in % recovery is observed when any 
of the factors in the experiment has the highest or lowest value. 

Table 2. Central orthogonal composite design for the set of factors. 

S. No. A B C D E % Recovery 
1 aA aB aC aD aE 97.8 ± 0.6 
2 − − − − + 20.1 ± 1.7 
3 + − − − − 25.2 ± 4.6 
4 − + − − − 16.8 ± 3.2 
5 + + − − + 21.4 ± 2.7 
6 − − + − − 32.5 ± 2.8 
7 + − + − + 37.3 ± 1.7 
8 − + + − + 39.2 ± 0.9 

Figure 7. VSM magnetization curves for (a) Fe3O4 and (b) Fe3O4@SiO2@APTES.

3.2. Optimization of Experimental Parameters via Multivariate Strategy

Analytical parameters that can affect the potency of Cd2+ adsorption by Fe3O4@SiO2@APTES
were optimized using a multivariate strategy. Simultaneous optimization of analytical
factors yields better recovery of analyte. The optimized parameters were pH, temperature,
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amount of sorbent, sonication time, the volume of sample, and eluent volume for magnetic
dispersion-based solid-phase extraction of Cd2+ ions through Fe3O4@SiO2@APTES.

3.2.1. Central Composite Design

To optimize the factors, a two-level Plackett–Burman design comprising 24 experi-
ments was used. In contrast with full factorial design, the number of experiments is reduced
significantly for optimization. Six factors were primarily subjected to optimization. The
Pareto chart (Figure 1) revealed that five out of six are significant. Significant parameters
were further studied by central orthogonal composite design.

A set of 28 experiments was established via a central orthogonal composite design
with 4 degrees of freedom. These experiments were performed for the optimization of
conditions for magnetic dispersion-based solid-phase microextraction and confirmation of
mutual interaction among these factors. These 28 experiments led to the optimization of
significant factors (i.e., pH, temperature, amount of sorbent, sonication time, and eluent
volume), and recoveries of Cd2+ are given in Table 2. In all the experiments of CCD 10 mL
of sample, volume was utilized for analysis. At the optimal values of these factors, recovery
of the analyte is maximum, whereas a decrease in % recovery is observed when any of the
factors in the experiment has the highest or lowest value.

Table 2. Central orthogonal composite design for the set of factors.

S. No. A B C D E % Recovery

1 aA aB aC aD aE 97.8 ± 0.6
2 − − − − + 20.1 ± 1.7
3 + − − − − 25.2 ± 4.6
4 − + − − − 16.8 ± 3.2
5 + + − − + 21.4 ± 2.7
6 − − + − − 32.5 ± 2.8
7 + − + − + 37.3 ± 1.7
8 − + + − + 39.2 ± 0.9
9 + + + − − 42.8 ± 2.1

10 − − − + − 19.3 ± 3.4
11 + − − + + 27.9 ± 0.8
12 − + − + + 25.7 ± 3.4
13 + + − + − 36.5 ± 1.5
14 − − + + + 39.7 ± 2.6
15 + − + + − 42.4 ± 0.6
16 − + + + − 27.7 ± 3.3
17 + + + + + 35.5 ± 3.2
18 −aA aB aC aD aE 9.8 ± 1.6
19 +aA aB aC aD aE 4.5 ± 0.7
20 aA −aB aC aD aE 7.4 ± 1.2
21 aA +aB aC aD aE 16.8 ± 2.4
22 aA aB −aC aD aE 6.4 ± 0.4
23 aA aB +aC aD aE 72.9 ± 3.4
24 aA aB aC −aD aE 3.9 ± 1.9
25 aA aB aC +aD aE 59.6 ± 1.5
26 aA aB aC aD −aE 1.7 ± 0.2
27 aA aB aC aD +aE 65.6 ± 3.2
28 aA aB aC aD aE 94.9 ± 0.9

3.2.2. Response Surface Methodology

Three-dimensional graphs were generated from the data attained from the central
composite design by response surface methodology using STATISTICA 8. The set of
experiments fabricated for CCD is shown in the table; along with the central composite
design, the % recovery of Cd2+ ions acquired is also inscribed.

Figure 8 represents the response surface for given pairs of variables A/B, A/D, B/D,
and B/F to attain maximum % recovery of Cd2+ ions. Quadratic equations for given pairs
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of variables were acquired from 3D response surface graphs that reveal the interactive
effect of paired variables.

% Recovery [A/B] = −58.8 + 14.9x + 3.8y − 1.2x2 − 0.07xy − 0.05y2 (2)

% Recovery [A/D] = −6.2 + 12.2x + 5.9y − 1.3x2 + 0.2xy − 0.4y2 (3)

% Recovery [B/D] = −26.9 + 2.9x + 5.0y − 0.04x2 + 0.03xy − 0.3y2 (4)

% Recovery [B/F] = −38.9 + 3.0x + 4.8y − 0.04x2 − 0.01xy − 0.2y2 (5)
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The adsorption efficacy of Cd2+ by Fe3O4@SiO2@APTES was affected by varying pH.
Cd2+ adsorption under the influence of varying pH ranging from 2 to 8 was evaluated to
determine the optimum pH at which maximal adsorption occurs. Analysis revealed that
maximum adsorption took place at pH 4.5 (Figure 8a and Equation (2)). At highly acidic
pH 2–4, protonation occurs, which reduces the number of active sites for Cd2+ by binding
H+ with –NH2 as well as repulsion of Cd2+ due to its positive charge. At pH greater than
4.5, precipitation of Cd2+ in the form of Cd(OH)2 is observed due to the presence of an
excess of hydroxyl ions in the media.

Adsorption of Cd2+ by Fe3O4@SiO2@APTES was ultrasonic assisted; thus, this factor
was also studied. The range of sonication time during analysis was taken as 2 min for lower
level while 10 min for higher level for a fixed concentration of cadmium ions. Response
surface plot of sonication time against pH and temperature revealed 6 min as the optimum
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time for sonication (Figure 8b). Dispersion of nanosorbent resulted in increased interaction
of sorbent and cadmium ion leading to maximum sorption of analyte. Along with pH, the
temperature had a significant effect on the magnetic solid phase extraction of cadmium ions
by Fe3O4@SiO2@APTES. To determine the optimum temperature for adsorption, analysis
of cadmium ions by synthesized sorbent was carried out in the range of 30–50 ◦C, and the
results are shown in Figure 8c. Maximum analyte recoveries were observed at 40 ◦C, which
was considered the optimum value.

The effect of eluent is the only variable of the elution step studied in the designed
experiment for Cd2+ desorption, whereas eluent concentration (0.1 M HCl) and elution
time were kept constant throughout the analysis. The Pareto chart revealed the significance
of eluent volume; therefore, the effect of eluent volume was studied by using response
surface methodology. The effect of eluent volume on Cd2+ desorption was analyzed in the
range of 5–15 mL to find the optimum eluent volume at which maximum elution occurs. It
is shown in Figure 8d that the elution of the analyte was affected by the varying volume
of eluent. The maximum analyte was eluted when 10 mL of eluent was added. Large the
volume of eluent, the more it extracts cadmium ions from the adsorbent by providing more
interaction sites [30].

The amount of Fe3O4@SiO2@APTES nanosorbent was optimized for efficient microex-
traction and preconcentration of Cd2+ ions. Two levels of sorbent amount were utilized: a
lower level of 20 mg and a higher level of 40 mg for affixed. Though this factor was found
insignificant by the Pareto chart, thus 30 mg of it was used throughout all experiments.
However, the increase in efficacy of adsorption is gradual as there are unsaturated active
sites, a characteristic of batch adsorption [40].

3.3. Interference Study

The efficiency of magnetic dispersion-based solid phase extraction developed for
microextraction and preconcentration of Cd2+ was studied in the presence of several
coexisting ions. The results in Table 3 have shown that in the presence of external ions,
above 97% Cd2+ recoveries were observed. Thus, it revealed that there is no pronounced
effect of these coexisting ions on the percentage recovery of the target analyte.

Table 3. Effect of interfering ions on Cd2+ analytical response.

Coexisting Ions Concentration (ppm)

Mg2+, Ca2+, Na+, K+, Cl− 10,000
Al3+, Fe2+, Cr3+, Fe3+, Zn2+ 5000

Cd2+, Pb+2, 2000
Co2+, Ni2+, PO4

3−, SO4
2− 1000

F−, CO3
2- 500

3.4. Analytical Figures of Merit

The calibration curve was linear in the range of 0.58–200 µgL−1 (R2 = 0.998). The limit
of detection (calculated as three times the standard deviation of the blank signals) was
0.17 µgL−1, whereas the limit of quantification (calculated as ten times the standard devia-
tion of the blank signals) was 0.58 µgL−1. The precision in terms of repeatability (RSDr) and
reproducibility (RSDR) was evaluated. Recoveries of spiked samples assessed on the same
and for 5 alternate days were compared to check the RSDr (intra-assay precision) and RSDR
(between-day precision), respectively. The method detection limit (MDL) is the minimum
concentration of analyte determined with 99% confidence as concentration > 0 and was
found by assessing the spiked water samples at a level yielding 3 × SD/n; calculated
as (t(99%, n =10) × SD). Method quantitation limit (MQL) was obtained as 3.34 ×MDL or
assessing the spiked water samples at a level yielding 10 × SD/n. Another term, the
Enhancement factor (EF), calculated as the ratio of calibration curve slopes after and be-
fore extraction, was found to be 83.5. All these figures of merit are presented in Table 4.
Furthermore, the adsorption capacity of the proposed technique was compared with some
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literature-reported techniques used for the removal of Cd2+. In comparison to natural
sorbents, excellent adsorption was observed with the proposed sorbent (Table 5). Though
comparable adsorption capacity was observed in the case of EDA-MP microspheres, overall
best results were obtained with Fe3O4@SiO2@APTES.

Table 4. Analytical figures of merit for Cd2+ extraction followed by detection.

Analytical Parameters

Linear range (µg L−1) 0.58 to 200
Correlation coefficient 0.998
Enhancement factor 83.5
Extraction recovery (%) 96
Calibration equation y = 0.01x
LOD (µg L−1) 0.17
LOQ (µg L−1) 0.58
RSDr (n = 7) <3.5
RSDR (n = 15) <9
MDL (µg L−1) 0.10
MQL (µg L−1) 0.35

Table 5. Comparison of adsorption capacity for reported sorbents to the developed sorbent.

Adsorbent Adsorption Capacity (mg g−1) Reference

Plant-based sorbents
Activated carbon 1.39 [41]
Raw rice husk 8.58 [42]
Banana peel 35.52 [43]

Naturally occurring inorganic sorbents
Palygorskite 4.54 [44]
Calcite 18.52 [45]

Microorganisms based sorbents
Ascophyllum nodosum 38 [46]
Algae, marine, dead biomass 80 [47]

Nanosorbents
Nanomagnetite particles 1.71 [48]
Magnetic MWCNT 1.73 [49]
Modified carbon nano tubes 2.02 [50]
BaFe12O19 magnetic nanopowder 13.25 [51]
Fe3O4-NH2 24.25 [52]
MWCNT/PD 44.20 [53]
Graphene/lignin/sodium alginate 80.32 [54]
EDA-MP microspheres 145.20 [55]
Fe3O4@SiO2@APTES 165.20 Current study

Fe3O4-NH2: Amino functionalized Iron oxide magnetic nano adsorbent; EDA-MP: Ethylenediamine functional-
ized magnetic polymer microspheres; MWCNT/polyamidoamine dendrimers.

3.5. Validation and Estimation of Uncertainty for the Determination of Cd2+

Prior to applications of newly developed analytical procedures for routine analysis,
these are recommended to be validated. The purpose of this validation is to evaluate the
trueness of the approximation of systematic errors. The aim is to make the developed
techniques free of systematic errors. To study the feasibility of the developed method, the
standard addition method was applied for validation under the optimum condition to
determine Cd2+ in real samples. Real samples were collected and prepared for analysis
where known quantities of analyte were added for determination of Cd2+ through the
proposed extraction procedure followed by atomic absorption spectrophotometry. The
efficiency of the proposed procedure was also confirmed by analyzing the different certified
reference materials, and the results, along with estimated uncertainties, are shown in
Table 6.
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Table 6. Validation of designed experiment through standard addition method (n = 6).

Sample Added Amount (mg) Found Amount (mg) % Recovery Uexp
a

Tap water

0 BDL - -
0.25 0.25 98.8 ± 1.8 1.7
0.50 0.49 98.2 ± 2.0 1.6
1.00 0.97 96.8 ± 2.1 1.7

Wastewater

0 0.08 - -
0.25 0.33 99.6 ± 0.4 0.3
0.50 0.56 97.4 ± 1.2 0.9
1.00 1.06 98.3 ± 1.5 1.2

Spices samples

0 BDL - -
0.25 0.25 100.4 ± 0.3 0.2
0.50 0.50 100.2 ± 0.7 0.6
1.00 0.99 99.5 ± 0.9 0.7

Milk powder

0 BDL - -
0.25 0.24 97.6 ± 1.1 0.9
0.50 0.50 100.4 ± 0.7 0.6
1.00 1.01 101.2 ± 1.0 0.8

Certified reference material (µg L−1) (n = 5)

Certified value Found value % Recovery Uexp
a

Water SRM 1643e

6.57 ± 0.07 6.55 ± 0.34 99.7 ± 1.2 1.1

Drinking water ERM-CA011

4.88 ± 0.04 4.84 ± 0.07 99.2 ± 0.9 0.8

Rainwater NWTMRAIN-04

0.52 ± 0.01 0.50 ± 0.02 96.1 ± 2.3 2.1

Fortified water NWTM-15.2

13.0 ± 1.02 12.6 ± 1.07 96.9 ± 1.9 1.7

BDL = below detection limit. % Recovery = [ Observed value
Certified value ] × 100. a Uexp (Expanded Uncertainty = k × s√n ).

Uncertainty provides a range where true value being measured lies and is generally de-
termined as a degree of data reliability. Bottom-up and top-bottom are the two approaches
recommended by ISO for the estimation of uncertainty in analytical data [56,57]. The
bottom-up approach is followed for the direct estimation of the uncertainty by analyzing
certified reference material with known concentration and uncertainty [58]. Estimation
of expanded uncertainty is subjected to the validation of the newly proposed procedure
considering all the possible sources of error in analytical data and categorizing them in the
following four terms.

Expanded uncertainty can be calculated as:

Uexp = tα
2 ,eff ×

√
u2

RM + u2
prec + u2

corr + u2
sample =

√(
IRM

kRM

)2
+

(
srepωn√

n

)2
+

(
|cobt − cRM|√

3

)2
+

(
srepωn√

ns

)2

tα/2,eff is the tcritical and can be substituted with coverage factor (kRM = 2 at 95%
confidence interval), while URM is the uncertainty of reference material (IRM) [27]. Uprec is
the uncertainty in the reproducibility of the method, and the standard deviation for “n”
replicates is expressed as Srep. WECC factor (ωn), which is a correction factor in case n < 10,
differs from the unity [27,28]. Best recoveries with the least uncertainties were obtained for
trace levels of Cd2+.
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4. Conclusions

In this work, amine functionalized Fe3O4@SiO2 nanoparticles were freshly synthesized
and employed for magnetic separation of Cd2+. The proposed sorbent has a high surface
area, adsorption capacity, and stability, which led to reasonable results by using a small
amount of sorbent for the microextraction of the target analyte. Even after 80 experiments,
above 96% analyte recoveries were achieved, which shows the excellent stability of the
developed sorbent. The application of chemometrics for the optimization and bottom-up
approach for the estimation of uncertainties resulted in prompt and reliable validation with
excellent reproducibility and least errors. Fe3O4@SiO2@APTES showed high sensitivity,
selectivity, and higher tolerance towards interfering ions when employed for real samples.
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