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Abstract 

Global population growth has led to an increase in the consumption of silver, which has a wide range of applications. 
This situation has increased demand for determining trace levels of silver to protect public health and the environ-
ment. In this study, an efficient magnetic-dispersive solid phase extraction (MDSPE) method was developed utilizing 
TiO2@Fe3O4 nanocomposites (NCs) as adsorbent for the separation and preconcentration of silver ions. TiO2 nano-
particles (NPs) were synthesized by a microwave-assisted hydrothermal method under different precursor solution 
and temperature program conditions. The procedure yielding TiO2 NPs with the homogeneous size distribution 
was established, and the NPs obtained with this procedure were used to modify the Fe3O4 surface. TiO2@Fe3O4 NCs 
and TiO2 NPs synthesized via alternative innovative methods to traditional techniques were examined by various 
characterization methods. Flame atomic absorption spectrometry (FAAS) was used for detection and quantification 
of analyte. All parameters expected to affect the adsorption and desorption of silver ions on the TiO2@Fe3O4 NCs 
were optimized. In the developed procedure, the optimum parameters were 20 mg TiO2@Fe3O4 NC, 1.5 mL potas-
sium hydrogen phthalate buffer solution (pH 6.0), orbital agitation for 30 min, and 0.10 mL HNO3 (2.0 M). The pro-
posed novel TiO2@Fe3O4-MDSPE-FAAS method exhibits detection and quantification limits of 0.005 and 0.017 mg 
kg−1 in a wide linear working range for silver ions. The method’s relevance and accuracy were evaluated by recovery 
experiments conducted on both actual and synthetic residential wastewater samples, yielding satisfactory percent 
recovery results using a matrix-matching calibration strategy.
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Introduction
Industrialization advancement and global population 
expansion have not only intensified the demand for nat-
ural reserves and energy resources but also increased 
the generation of industrial and domestic wastewater 
(Nguyen and Wu 2024). The considerable amount of 
domestic wastewater produced each day is recognized 
as a crucial environmental concern in the twenty-first 
century, threatening water security, ecosystem integ-
rity, and overall public health (Seetasang and Iwai 2025). 
These wastewaters are abundant in suspended matter, 
organic pollutants, and heavy metals exhibiting elevated 
biological oxygen demand (BOD5) and chemical oxygen 
demand (COD) values (El Hafidi et al. 2023). Heavy met-
als are incorporated into domestic wastewater through 
water used in cooking, laundering, toilet flushing, and 
bathing (van den Brand et al. 2015). The most common 
heavy metals contained in this matrix are silver (Ag), cad-
mium (Cd), manganese (Mn), lead (Pb), zinc (Zn), iron 
(Fe), chromium (Cr), nickel (Ni), mercury (Hg), and cop-
per (Cu) (Muoghalu et al. 2023). Ag is known to be toxic 
and vital to various biological systems and has been con-
tinuously released into the environment through waste-
water discharge in the last decade (Al-Saidi and Khan 
2024; Naeemullah et  al. 2016). It is employed in antivi-
ral, bactericidal, anti-inflammatory, antibacterial and 
therapeutic applications, instrument disinfection, burn 

care, and wound healing (Ouyang et al. 2024; Tang et al. 
2024; Xu et  al. 2020). Despite its advantages, exposure 
to elevated concentrations of silver in several forms has 
been documented to be highly toxic to the majority of 
aquatic organisms, including fish (Choi and Cui 2012). 
Furthermore, Ag has some detrimental effects on human 
health; for example, ingestion or prolonged exposure can 
lead to health problems such as gastric disorders, argyria, 
legionella pneumophila, skin allergies, kidney diseases, 
and organ edema (Huang et al. 2017; Kaur et al. 2023).

Ag ions which are soluble in water systems have been 
classified as hazardous substances by the US Environ-
mental Protection Agency (EPA) and the World Health 
Organization (WHO) (Song et  al. 2011). The maximum 
concentration of Ag+ for safe drinking water set by EPA 
is 0.05 mg L−1 (or 0.465 µmol L−1), while WHO recom-
mends 0.1  mg L−1 (or 0.93  µmol L−1) (Wu et  al. 2023). 
Therefore, it is required to develop highly sensitive, rapid, 
and selective analytical strategies for the detection of sil-
ver ions at trace levels to monitor water quality and to 
protect the environment and human health (Gao et  al. 
2017; Ji et al. 2018).

Analytical instrumental systems such as UV–Vis spec-
trophotometry (Zengin and Gürkan 2021), inductively 
coupled plasma–mass spectrometry (ICP-MS) (Chro-
nakis et  al. 2023), flame atomic absorption spectrom-
etry (FAAS) (Roushani et al. 2016), ICP optical emission 
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spectrometry (ICP-OES) (Gasbarri et  al. 2019), fluores-
cence spectrometry (Liu et  al. 2022) were used for Ag 
determination. Sample preparation procedures for the 
accurate determination of target analytes in various 
matrices remain relevant even with all the significant 
advances in analytical instrumentation (Sajid and Płotka-
Wasylka 2018). One of the reasons for this is the grow-
ing popularity of samples containing complex matrices, 
especially in modern analytical chemistry applications 
(Xia et al. 2020). The solid phase microextraction (SPME) 
technique has been recognized by many scientists as it 
has superior features such as rapid analysis, low sam-
ple volume, and opportunities for automation (Płotka-
Wasylka et  al. 2015). Due to its outstanding properties 
and enormous potential in analytical applications, many 
studies have been conducted to improve the efficiency 
and sensitivity of the SPME technology and to develop 
novel approaches for integration with various instru-
mentations (Spietelun et  al. 2013). To overcome the 
limitations in traditional SPME such as long extraction 
durations, relatively poor reproducibility, and low ser-
vice life associated with commercially available materials, 
the focus in recent years has been on synthesizing novel 
sorbents (Khezeli and Daneshfar 2017). At this point, 
nanomaterials have been considered as attractive mate-
rials for SPME techniques since they have the potential 
to increase extraction efficiency due to their properties 
such as high surface area, large adsorption capacity, high 
porosity, and fast sorption kinetics (Jagirani and Soylak 
2020). Metallic nanoparticles, carbonaceous nanoma-
terials, silicon-based nanomaterials, carbon nanotubes, 
metal oxide nanoparticles, and magnetic nanoparticles 
are some of the nanomaterials used in sample prepara-
tion procedures (Ahmadi et  al. 2017). The metal oxide 
nanoparticles stand out with their high adsorption 
capacity and specific surface area as well as high chemi-
cal, thermal, and mechanical stability (Pyrzynska 2020). 
TiO2 is widely used due to its favorable properties such 
as being low cost, stable for a long time, non-toxic, and 
relatively easy to synthesize (Yalcin 2022). The strong 
polarity of the Ti–O bond in its structure polarizes the 
water molecules adsorbed on its surface and forms 
hydrophilicity-enhanced hydroxyl groups, creating a high 
performing adsorbent (Liu et al. 2023). Nevertheless, its 
use individually in nanoscale extraction studies is rare 
(Gutiérrez-Fernández et al. 2024). Unless they are func-
tionalized or modified, titanium dioxide nanoparticles 
tend to disperse in aqueous solutions in a way that makes 
it difficult to separate them from the solution because 
of their tiny size (Habila et  al. 2016). Fe3O4 nanoparti-
cles have been known to facilitate nanosorbent isolation 
from solution thanks to their magnetic properties (Alad-
aghlo et al. 2024). Hence, Fe3O4 and TiO2 particles can be 

combined to benefit from this advantage (Al-Salihi et al. 
2022).

In this study, TiO2 NPs were synthesized by a simple 
and effective method and transformed into nanocom-
posites by combining with Fe3O4 nanoparticles. The 
potential of the obtained nanocomposites as an efficient 
adsorbent for the separation/preconcentration of Ag ions 
was assessed in domestic wastewater samples. To the 
best of our knowledge, TiO2@Fe3O4 NCs has not been 
used as adsorbent for silver ion in the literature.

Experimental
Apparatus
A Smart D model microwave digestion system purchased 
from Milestone was used to synthesize TiO2 nanomate-
rials. A Malvern PANalytical (UK) X’Pert Pro X-Ray dif-
fractometer (XRD), a Malvern PANalytical (UK) Nano ZS 
zeta potential analyzer, a Thermo Fischer Scientific (USA) 
Apreo 2S LoVac Schottky field emission scanning elec-
tron microscope (FE-SEM), and a Zeiss (Germany) EVO 
LS 10 scanning electron microscope (SEM) were used 
for the characterization of the TiO2 and TiO2@Fe3O4 
nanomaterials. XRD measurements were taken in the 
range of 10–90° 2θ in continuous scanning mode at room 
temperature with copper as the anode material, 40 mA 
tube current, 45 kV accelerating voltage. A Unicam (UK) 
Solaar 929 AA series flame atomic absorption spectrom-
eter was utilized for the absorbance measurements. A 
multi-element hollow cathode lamp (Photron, Australia), 
which provides the characteristic emission radiation of 
silver, lead and cadmium metals, and a D2 lamp for the 
background correction were utilized. Acetylene–air fuel–
oxidant mixture was preferred for the stoichiometric 
flame of the system. An analytical balance (SHIMADZU 
ATX-224R, Japan), an orbital stirrer (Biobase, China), a 
pH meter (Mettler Toledo, USA), a vortex mixer (Isolab, 
Germany), a centrifuge (Biobase, China), an ultrasonic 
bath (Runyes Medikal, China), a ventilated oven (Her-
aeus, Germany), and a heated magnetic stirrer (IKA, 
Germany) were used during the experimental studies.

Chemicals and reagents
In the synthesis of TiO2 NPs, titanium (IV) isopropoxide 
(TTIP) (Sigma-Aldrich, Germany, 97%) and hydrochlo-
ric acid (HCl) (Merck, Germany, 37%) were employed 
as a titanium source and as a catalyst, respectively. For 
the synthesis of TiO2@Fe3O4 NCs, ammonium iron (II) 
sulfate hexahydrate salt ((NH4)2Fe(SO4)2.6H2O,) (Merck, 
Germany, ≥ 99%) and iron (III) chloride hexahydrate salt 
(FeCl3.6H2O) (Isolab, Germany, ≥ 97%) were used. A Cer-
tiPur grade Ag+ stock standard solution (1000 ± 2  mg 
L−1, AgNO3 in 0.50  mol L−1 HNO3) was purchased 
from Merck for use in experimental studies for silver 
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determination. The same company supplied ethyl alcohol 
(EtOH, 99.9%), nitric acid (HNO3, 65%), and ammonia 
(NH4OH, %25) reagents. AMBERLITE IRA-96SB resin 
(ROHM AND HAAS, France) was utilized to remove 
anions in the sample preparation step. Potassium hydro-
gen phthalate (AmBeed, USA, 99.68%), tris-hydroxyme-
thyl aminomethane (MilliporeSigma, Merck, Germany), 
and di-sodium tetraborate decahydrate (Merck, Ger-
many, 99–103%) salts were preferred for the prepara-
tion of buffer solutions. The following chemicals were 
provided for the preparation of domestic wastewater: 
sodium bicarbonate (ChemBio, Türkiye), D- ( +) glucose 
monohydrate (Sigma-Aldrich, Germany, 97.5–102.0%), 
potassium phosphate monobasic (Riedel–deHaen, Ger-
many, 99.5–100.5%), and ammonium sulfate (Isolab, 
Germany, ≥ 99.5%). Manganese (II) sulfate monohydrate 
(99.0—101.0%), calcium chloride, and magnesium sul-
fate heptahydrate (99.0–100.5%) salts were supplied by 
Merck.

Synthesis of TiO2 nanoparticles
Six different procedures have been employed for the 
synthesis of TiO2 NPs. Accordingly, two different TiO2 
precursor solutions were prepared and three distinct 
temperature programs were tested used. The results are 
discussed in detail in the “3.1. Characterization stud-
ies” section. To prepare precursor solution-A, 1.4  mL 
of each TTIP, deionized water and HCl was taken and 
mixed in a centrifuge tube. In precursor solution-B, these 
volumes were tripled. White particles appeared when 
deionized water was added to TTIP in both precursor 
solutions. After mixing all constituents, the solutions 
were maintained under ultrasonication for 10.0  min. At 
the end of ultrasonication, the particles dissolved, and 

a homogeneous solution was obtained. Afterward, the 
precursor solution was transferred to a high-pressure 
and high-temperature resistant Teflon vessel. Follow-
ing the transfer, the centrifuge tubes were washed with 
5.8 mL and 2.4 mL of water for precursor solutions A and 
B, respectively, to minimize the loss of components. The 
Teflon vessel was then sealed to eliminate contact with 
air and placed in the microwave digestion system. In the 
three temperature programs performed, the temperature 
was first elevated from room temperature to 90  °C dur-
ing the first 5.0 min and maintained at that level for an 
additional 5.0  min. All three programs are identical up 
to this stage. The temperature was elevated to 145, 150, 
or 155  °C based on the chosen program within 5.0  min 
starting from the 10th minute and maintained at this 
level for 15.0 min. Finally, the programs were completed 
by cooling for 10.0 min. The precursor solutions and tem-
perature programs investigated in this study are sum-
marized in Table 1. After evaluating the characterization 
results discussed in Sect. ”Characterization studies”, TiO2 
NPs prepared with precursor solution-A and program-3 
were preferred in the synthesis of TiO2@Fe3O4 NCs.

Synthesis of magnetic TiO2@Fe3O4 nanocomposites
The TiO2 colloidal nanoparticle mixture was exposed 
to ultrasound for 10.0  min before use. Meanwhile, 
0.9805 g (2.5 mmol) (NH4)2Fe(SO4)2.6H2O and 1.3515 g 
(5.0  mmol) FeCl3.6H2O salts were weighed and trans-
ferred to a reaction flask. The salts were dissolved by 
adding 95.0 mL of deionized water. 5.0 mL of TiO2 col-
loidal nanoparticle mixture was added dropwise to the 
Fe(II)-Fe(III) solution in the reaction flask. The solution 
was subjected to ultrasonication for 60.0  min to ensure 
an effective dispersion. Upon completion of the specified 

Table 1  Precursor solution and temperature program conditions investigated in TiO2 NP synthesis

Precursor solution Microwave digestion system temperature programs

Component A, mL B, mL

TTIP 1.4 4.2

HCl 1.4 4.2

Deionized water 7.2 6.6

Final volume 10.0 15.0
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time, the reaction flask was removed from the ultrasonic 
bath and stirred in the heater with the aid of a magnetic 
stirrer. When the temperature reached 80  °C, 6.0 mL of 
NH4OH was added dropwise to the mixture. The solution 
was kept in an inert atmosphere at 80 °C and stirred con-
tinuously for 3  h. The synthesized product was washed 
with deionized water and ethyl alcohol and dried in an 
oven operating at 50–55 °C for 24 h.

Extraction procedure
In the first step of the separation/preconcentration pro-
cedure, 20.0 mg of TiO2@Fe3O4 NCs was weighed into a 
15-mL centrifuge tube. Into the tube were added 8.0 mL 
of Ag aqueous standard or sample solution and 1.5  mL 
of potassium hydrogen phthalate-NaOH buffer solu-
tion adjusted to pH 6.0. It was then agitated in an orbital 
shaker for 30 min. After the agitation, the NCs were col-
lected at the bottom of the tube by centrifugation. The 
analyte-rich adsorbent was readily separated from the 
solution by holding it with a neodymium magnet. After-
ward, desorption was conducted by adding 0.10  mL of 
2.0  M HNO3 solution to the tube. The sample was vor-
texed for 15  s to accelerate the desorption process. The 
analyte-rich phase was transferred to a clean centrifuge 
tube and was sent to the FAAS system.

Preparation of synthetic and real domestic wastewater
The domestic wastewater was obtained from the 
advanced biological treatment wastewater plant in 
İstanbul. As domestic wastewater was not obtained from 
a different location, a second matrix was synthetically 
prepared in the laboratory for use in the matrix-match-
ing strategy. Accordingly, synthetic domestic wastewater 
was prepared by slightly modifying the synthetic domes-
tic wastewater procedure given in the literature (Turan 
et al. 2020). In this procedure, 0.0422 g MgSO4, 0.1058 g 
(NH4)2SO4, 0.0020  g MnSO4, 0.063  g CaCl2, 0.0249  g 
KH2PO4, 0.0114 g FeCl3, 0.2573 g NaHCO3, 0.1157 g bac-
topeptone, 0.0149  g yeast extract, and 0.4403  g glucose 
were weighed and dissolved in 1.0 L tap water.

Silver ions can form stable complexes with bromo, 
chloro, and iodo ligands in the sample matrix, which can 
affect the accuracy of the recovery results. Therefore, a 
procedure was applied to remove anions from the envi-
ronment before applying the extraction method to the 
samples (Soylak et  al. 2000). The suspended solids in 
wastewater were precipitated by centrifugation. 10.0 mL 
of the supernatant was taken and filtered through grade 
1 Whatman filter paper (11 μm) filled with 250 mg resin. 
After filtration, 5.0  mL of the solution was diluted to 
250 mL. The water used in this dilution process was also 
passed through the resin. These steps were performed 
separately for two different matrices. To ensure that the 

conditions were the same for external calibration stand-
ards, the deionized water used in standard preparation 
was passed through the resin similarly. This avoids the 
AgCl precipitation problem caused by chlorine ions. 
Moreover, the applicability of the method in real sample 
matrices is increased. For the recovery study, care was 
taken to keep the sample solution grams constant during 
spiking and samples were prepared gravimetrically.

Results and discussion
Characterization studies
A characterization study was carried out to determine 
and compare the morphological and structural proper-
ties of TiO2 NPs and TiO2@Fe3O4 NCs synthesized under 
different conditions. The influence of temperature and 
precursor solution on morphology and size distribution 
was investigated to determine the optimum TiO2 NPs 
procedure for the synthesis of TiO2@Fe3O4 NCs.

It was predicted that the morphology of TiO2 could 
be changed by modifying the HCl/H2O and TTIP/H2O 
ratios in the precursor solution. This can be attributed to 
TiO2 synthesis beginning with a hydrolysis reaction, and 
H2O content is pivotal in this step (Haidry et  al. 2024). 
The –OH group in H2O is substituted by the –OR group 
in TTIP (Cargnello et al. 2014). When the H2O content in 
the solution is insufficient, the hydrolysis rate decreases, 
or it becomes difficult for the alcoholates to dissolve com-
pletely in the medium (Gatou et al. 2024). On the other 
hand, the acid catalyst can affect the structure of the 
condensed product. Furthermore, it can affect the rate 
of condensation and hydrolysis steps (Cihlar et al. 2013). 
Therefore, the effect of TTIP/H2O and HCl/H2O ratios 
on the structure was investigated. SEM images of TiO2 
particles prepared with precursor solution-A and solu-
tion-B using the temperature program-1 given in Table 1 
are compared in Fig. 1. It was clearly seen that the varia-
tions in the precursor solution affected the structure. A 
more homogeneous size distribution was observed when 
precursor solution-A was used.

The effect of temperature, another parameter expected 
to affect the structure, is examined in the next step. For 
this purpose, zeta potential measurements of TiO2 NPs 
synthesized by following three different temperature 
programs in Table 1 were taken. As a result, it was seen 
that the particle size distribution was mostly in the range 
of 100–1000 nm in program-1 at 145  °C. At 150  °C and 
155 °C, it was determined that the particle size distribu-
tion was more intense in the range of 10–100  nm. Fig-
ure 2 shows the particle size density distribution graph of 
TiO2 NPs prepared with program-3.

The FE-SEM recorded images of TiO2 NPs, Fe3O4 
NPs and TiO2@Fe3O4 NPs to show that TiO2 colloidal 
nanoparticles were coated on the Fe3O4 surface. The 
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micrograph given in Fig.  3a belongs to TiO2 NPs. Fig-
ure 3b shows the porous structure of Fe3O4 NPs. In the 
TiO2@Fe3O4 NPs presented in Fig. 3c, it is seen that the 
porosity decreases due to the coating of Fe3O4 NPs with 
TiO2NPs.

XRD diffractograms of TiO2, Fe3O4, and TiO2@Fe3O4 
nanostructures are examined in Fig. 3d, e and f and com-
pared with the literature. The position of the diffrac-
tion peaks at 2θ of TiO2 NPs was found at 25.36°, 37.51°, 
48.06°, 54.21°, 54.56°, 62.68°, 69.87°, 75.07°, and 82.35°. 
These positions were confirmed as belonging to the TiO2 
structure by comparison with the ICSD Ref. # 00-021-
1272 card and other anatase phase TiO2 structures in the 

literature (Akram et al. 2021; Lü et al. 2019). Diffraction 
peak positions for Fe3O4 NPs were obtained at 30.36°, 
35.62°, 43.38°, 53.74°, 57.23°, and 62.83°. These values 
were determined to be consistent with the characteris-
tic diffraction peak positions in JCPDS card 19–0629, 
and it was concluded that the structure is in cubic phase 
(Alfredo Reyes Villegas et al. 2020; Khashan et al. 2017; 
Wu et al. 2020; Yan et al. 2016). When the XRD pattern 
of TiO2@Fe3O4 NCs was examined, the elevated differ-
ence in counts from TiO2 and Fe3O4 structures caused 
the nanocomposite pattern to appear more like the Fe3O4 
nanoparticle structure. However, comparing the patterns 
of the TiO2@Fe3O4 NCs structure in the literature and 

Fig. 1  SEM images of TiO2 structures were acquired through program-1, and these were magnified 20,000 times: Image of a was prepared 
with precursor solution-B, and image of b was prepared with precursor solution-A

Fig. 2  The particle size distribution of TiO2 nanoparticles was prepared under conditions where A-precursor solution was used, and the final 
temperature was elevated to 155 °C
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the synthesized TiO2@Fe3O4 NCs structure, it is con-
cluded that the patterns are remarkably similar to each 
other. In both patterns, a formation of a new diffraction 
peak at the 20–25° positions, which was not observed 
in Fe3O4 structure, was observed (Yan et  al. 2016). This 
demonstrated that TiO2@Fe3O4 NCs were successfully 
synthesized.

Optimization studies
Optimization buffer solution conditions
When the pH and ionic strength of the solution medium 
change, the surface charge of the analyte and sorbent 
can alter; as a result, electrostatic attraction or repulsion 
can be observed between the analyte and the sorbent. 
This is a significant factor that can improve the extrac-
tion efficiency (Ghorbani et al. 2020). In order to inves-
tigate the effect of pH on extraction efficiency, buffer 
solutions adjusted to different pH values were prepared 
and added to aqueous standard solutions. Simultane-
ously, experiments were performed without buffer addi-
tion. In the absence of a buffer in the aqueous solution, 
adsorption occurred, but the extraction outputs were 

not repeatable. In alkaline medium (pH 8.0–9.0), the low 
interaction between the analyte and the nanoparticle is 
clearly seen in Fig. 4a. No analytical signal was obtained 
when tris–HCl buffer solution (pH 7.0) was used. This 
can be attributed to the complexation of tris with silver 
(Babel et al. 2020). The highest average absorbance value 
in acidic medium was obtained in potassium hydrogen 
phthalate-NaOH (pH 6.0) buffer solution. Therefore, 
potassium hydrogen phthalate-NaOH (pH 6.0) buffer 
solution was selected as the optimum condition and the 
volume of buffer solution used was tested in the range of 
0.5–2.0 mL. The highest extraction yield was obtained at 
1.5 mL which was determined as the optimum volume.

Optimization of agitation conditions
The applicability and scalability of the methods devel-
oped in recent years have been as relevant as their 
greenness. It is desirable to reduce the need for human 
intervention and increase the number of samples that 
can be processed simultaneously (Manousi et  al. 2023). 
In order to increase the applicability of the devel-
oped method, instead of vortexing, orbital shaking and 

Fig. 3  FE-SEM micrographs for a TiO2; b Fe3O4; c TiO2@Fe3O4 nanomaterials and XRD patterns for d TiO2; e Fe3O4; f TiO2@Fe3O4
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ultrasonic mixing methods that provide such possibilities 
were investigated. Ultrasonication resulted in the disso-
lution of the nanoparticles. Therefore, it was decided to 
continue experimental studies with the orbital agitation 
method without analytical comparison. Afterward, the 
effect of the contact time between TiO2@Fe3O4 NCs and 
silver ions on the extraction efficiency was investigated in 
the range of 1.0–30.0 min using an orbital shaker. As seen 
in Fig. 4b, there is no significant difference between the 
mean absorbance values at 1.0 min and 5.0 min. Extrac-
tion efficiency was enhanced by increasing contact time 
over 5  min. Agitation periods over 30.0  min were not 
evaluated, as prolonged agitation would result in an 
excessively protracted sample preparation procedure, 
hence dramatically diminishing the number of samples 
that can be processed within an hour. The experiments 
were continued with a mixing duration of 30.0 min.

Optimization of adsorbent amount
The increasing amount of adsorbent leads to an increase 
in adsorption sites, and accordingly, an improvement in 
adsorption capacity is expected to be observed. However, 
when the amount of adsorbent is more than necessary, 
it may cause a decrease in the surface area of the adsor-
bent by means of agglomeration. In addition, the exces-
sive bulk of material can lead to difficulties in desorption, 
leading to a decrease in adsorption capacity. Hence, the 
quantity of adsorbent is a highly crucial parameter to be 

determined in the extraction procedure (Wadhawan et al. 
2020). Accordingly, the effect of nanoparticle amount 
on adsorption capacity was tested in the dosage range 
of 0.0–25.0 mg. The results supported the hypothesis as 
shown in Fig. 4c. It was seen that the adsorption capacity 
increases with the increment in the amount of adsorbent 
up to 20.0  mg. A decrease in adsorption capacity was 
observed above 20.0 mg. Simultaneously, the same exper-
imental procedure was performed without the nanoparti-
cles, but no analytical signal was observed. This indicated 
that the extraction procedure was based on sorption and 
not on precipitation of silver species. 20.0  mg of ideal 
adsorbent amount was selected, and optimization studies 
were continued.

Optimization of desorption conditions
The concentration and volume of the eluent HNO3 solu-
tion were studied to ensure that all analytes on the adsor-
bent were desorbed and to maximize the concentration 
of analytes to be atomized. Initially, the concentration of 
the HNO3 solution was tested in the concentration range 
of 1.0–14.3 M as shown in Fig. 4d. The higher viscosity at 
the high concentration reduced the rate at which analytes 
were transported to the flame. As this reduces the degree 
of atomization, a decrease in the mean absorbance val-
ues was seen with increasing concentration above 2.0  M. 
On the other side, a notable decrease in absorbance was 
observed below 2.0 M, indicating an insufficient desorption 

Fig. 4  Effect of a buffer solution pH, b agitation period, c adsorbent amount, and d desorption solvent concentration on the separation/
preconcentration performance of silver ions
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of analytes from the nanocomposite. Therefore, the ideal 
concentration of the HNO3 solution was chosen at 2.0 M. 
The volume of the desorption solution was then tested 
in the range of 75–200  µL. The mean absorbance values 
obtained at 75 µL and 100 µL were very close. However, the 
signals in 75 µL did not have the necessary saturation for 
quantitative determination. Hence, the experimental stud-
ies were continued with 100 µL.

The analytical performance of the TiO2@
Fe3O4‑MDSPE‑FAAS system
In order to evaluate the analytical performance of FAAS 
and MDSPE-FAAS systems for the determination of silver 
ions, standard aqueous solutions were prepared at increas-
ing concentrations. All standards and samples in this study 
were prepared gravimetrically by the help of a sensitive 
balance. The optimum conditions of the MDSPE method 
determined as a result of the optimization studies are sum-
marized in Table  2 and applied to the standard aqueous 
solutions prepared for the MDSPE-FAAS system.

The limit of detection (LOD), limit of quantification 
(LOQ), the enhancement in calibration sensitivity (ECS), 
and the enhancement in detection power (EDP) were cal-
culated by using the calibration lines achieved. The equa-
tions utilized in the calculations are given below:

(1)LOD = sLC/m× 3

(2)LOD = sLC/m× 10

In the equations, sLC represents the standard devia-
tion of the signal obtained for the lowest concentration; 
m represents the slope of the line; m1 and m2 represent 
the slopes of the calibration lines obtained from MDSPE-
FAAS and FAAS systems, respectively; LOD1 and LOD2 
represent the LOD values calculated for FAAS and 
MDSPE-FAAS systems, respectively.

The coefficient of determination (R2) values of 
the developed MDSPE-FAAS and FAAS systems 
are above 0.999. LOD-LOQ values were calculated 
to be 0.005–0.017  mg  kg−1 for MDSPE-FAAS and 
0.069–0.229  mg  kg−1 for FAAS, respectively. The new 
approach shows an enhancement in both sensitiv-
ity and detection limit for analyte determination. The 
regression equations for the calibration lines for the 
FAAS and the MDSPE-FAAS systems were defined 
as y = 0.0601x + 0.0056and y = 1.5815x + 0.0101 , 
respectively. The ECS value, which is a measure of these 
improvements, was calculated as 26.31 and the EDP value 
as 13.42. In Table 3, the analytical performance values of 
the developed method are compared with different stud-
ies in the literature. The results revealed that TiO2@Fe3O4 
NCs-based MDSPE method can be used as an alternative 
method for determination of Ag ions at trace levels.

Recovery studies
In complex matrices such as wastewaters, there might be 
many inorganic and organic components which have the 
potential to interfere with TiO2@Fe3O4 NCs or Ag ions. 
These components may affect the results of the analysis, 
so the applicability of the method was investigated by 
conducting a spike-recovery study. For this purpose, cali-
bration lines were established in the concentration ranges 
of 0.080–0.150  mg  kg−1 for synthetic domestic waste-
water samples, 0.020–0.080  mg  kg−1 for real domestic 
wastewater, and 0.020–0.157 mg kg−1 for deionized water 
samples. The percentage recovery results of the spiked 

(3)ECS = m1/m2

(4)ECS = LOD1/LOD2

Table 2  Optimum conditions of the MDSPE method developed 
for the determination of silver ions

Parameter Conditions

Sample volume 8.0 mL

Buffer solution type/volume pH 6/1.5 mL

Amount of TiO2@Fe3O4 NCs 20.0 mg

Agitation type/period Orbital Shaker/30.0 min

HNO3 solution concentration/volume 2.0 M/ 0.10 mL

Table 3  Comparison of various system performance values of the developed method with the literature

Method Sample Volume LOD, mg L−1 LOQ, mg L−1 Linear Range, mg L-1 Ref

EA-DLLME-FA-MS-FAAS 10.0 mL 0.002 0.003 0.005–0.150 Ghoochani Moghadam et al., (2017)

UA-EME-FAAS 5.0 mL 0.0068 0.023 0.055–1.5 Khayatian and Pourbahram, (2016)

SPE-FAAS 100 mL 0.04 0.133 – Refiker et al., (2008)

CPE-FAAS 14.0 mL 0.010 – 0.028–0.430 Tavallali et al., (2010)

FAAS – 0.069 (mg kg−1) 0.229 (mg kg−1) 0.10–10.27 (mg kg−1) This Study

MDSPE-FAAS 8.0 mL 0.005 (mg kg−1) 0.017 (mg kg−1) 0.010–0.301(mg kg−1) This Study
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synthetic and real domestic wastewater samples were cal-
culated by external calibration method using the calibra-
tion line prepared with deionized water. It was observed 
that the calculated results were not within acceptable 
limits. Therefore matrix-matching calibration strategy 
was used to eliminate interference effects. In this strat-
egy, the percentage recovery values of the real domestic 
wastewater sample spiked at 0.080  mg  kg−1 were cal-
culated using the calibration plotted for the synthetic 
domestic wastewater. Similarly, the percentage recovery 
values of synthetic domestic wastewater samples spiked 
at 0.080 mg kg−1 were calculated based on the calibration 
established with real domestic wastewater. The percent-
age recovery results are summarized in Table 4.

Conclusion
TiO2 NPs and TiO2@Fe3O4 NCs were synthesized with an 
innovative approach, and the nanomaterials were charac-
terized by using SEM, FE-SEM, and XRD methods. Char-
acterization studies demonstrated that the particle size 
of the prepared TiO2 NPs was at the nanoscale and the 
surface of the Fe3O4 NPs was modified with the TiO2 NPs 
in the obtained nanocomposite. A novel MDSPE method 
for the determination of Ag ions was developed by using 
TiO2@Fe3O4 NCs. The developed method enables the 
determination of Ag at trace levels, and the TiO2@Fe3O4-
MDSPE-FAAS technique was found to be highly effective 
when compared with alternative methods in the litera-
ture. The LOD and LOQ values of the developed method 
are 0.005  mg  kg−1 and 0.017  mg  kg−1, respectively. The 
linear range is between 0.010 and 0.301 mg  kg−1. These 
values are promising as they allow for determination 
well below the maximum limits recommended by EPA 
and WHO. Moreover, the developed system offers 26.31 
times better calibration sensitivity and 13.42 times bet-
ter detection power than the FAAS system alone. The 
results of recovery studies on real and synthetic wastewa-
ter samples showed that the developed method has the 
potential to be implemented in the analysis of complex 
matrices. However, the recovery study showed that the 
recovery results are not within the acceptable range when 
external calibration is used. Therefore, following the 

matrix-matching strategy when using the TiO2@Fe3O4-
MDSPE-FAAS technique, especially in complex matrices, 
has been a highlight of the developed method. Moreover, 
TiO2@Fe3O4 NCs have not been previously reported for 
the preconcentration and separation of any heavy metals 
from domestic wastewater samples. This contributes to 
the novelty of this study and paves the way for the devel-
opment of TiO2@Fe3O4-MDSPE-FAAS techniques for 
the determination of different heavy metals in domestic 
wastewater.
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