
Vol.:(0123456789)

Analytical Sciences (2024) 40:633–641 
https://doi.org/10.1007/s44211-023-00495-2

ORIGINAL PAPER

Determination of copper and cobalt in different tea samples 
at trace levels by FAAS after preconcentration with a novel iron 
PAMAM‑OH‑encapsulated magnetic nanoparticle as SPE sorbent

Özge Yılmaz1   · İkbal Koyuncu1

Received: 3 November 2023 / Accepted: 10 December 2023 / Published online: 22 January 2024 
© The Author(s), under exclusive licence to The Japan Society for Analytical Chemistry 2024

Abstract
Environmental contamination caused by heavy metals is a significant global concern. The presented study investigated the 
efficiency of iron PAMAM-OH encapsulated magnetic nanoparticles (Fe-MNP-G2-OH) as sorbent for the preconcentra-
tion of copper and cobalt from tea samples. High metal-chelating ethylenediamine core polyamidoethanol generation-2 
(PAMAM-G2-OH) was encapsulated with iron oxide (Fe3O4) to synthesize the sorbent. Limit of detection (LOD) values 
for copper and cobalt extracted and detected by the developed Fe-MNP-G2-OH -SPE-FAAS method were 0.52 and 1.1 μg 
L−1, respectively. There were 230- and 101-fold improvement in detection limits for copper and cobalt, respectively, when 
compared to direct FAAS measurement. The percent recovery results for the analytes in green and black tea samples ranged 
from 93 to 107%, with low relative standard deviation (%RSD) values. The synthesis of nanoparticle was carried out through 
a unique method, which was characterized by thermogravimetric analysis (TGA), scanning electron microscope (SEM), and 
Fourier transform infrared spectroscopy (FTIR) methods. The analytical results demonstrated the applicability and effective-
ness of Fe-MNP-G2-OH nanoparticles on the preconcentration of copper and cobalt from tea samples and the developed 
method is suitable for the trace detection of heavy metals by FAAS method. To the best our knowledge, this is the first study 
where copper and cobalt in green and black tea samples were extracted by Fe-MNP-G2-OH adsorbent and precipitation of 
the adsorbent during its synthesis was carried out in acetone medium rather than aqueous one.

Keywords  Hydroxyl PAMAM dendrimer · Iron magnetic nanoparticle · Flame atomic absorption spectroscopy · Metal 
adsorption · SPE

Introduction

Pollution of natural resources is a global problem that 
affects the environment and living organisms. Despite the 
fight against pollution, the increasing population leads to 
increase the sources of pollution day by day [33]. Toxic 
metal pollution, which can be cumulative in the environ-
ment, impacts living things from the smallest organism to 
the more advanced ones [22, 33]. The non-stop release of 
heavy metals into the environment and the dissolution of 

these chemicals in water medium make them more diffi-
cult to remove. Some common heavy metals in the environ-
ment include Hg2+, Cd2+, Pb2+, Cr3+, As3+, Cu2+, Ni2+, and 
Co2+. The toxicity levels of these metals and their maximum 
permissible limits in water, soil, or foods were declared by 
various regulatory authorities [28]. For these reasons, it is 
very important to detect these heavy metals accurately and 
precisely in various environmental matrices at trace levels.

Analytical techniques such as inductively coupled 
plasma-mass spectrometry (ICP-MS), inductively coupled 
plasma-optical emission spectrometry (ICP-OES), graph-
ite furnace atomic absorption spectrometry (GFAAS), and 
anodic stripping voltammetry (ASV) have been used for the 
determination of several elements at trace levels [11, 20, 21, 
23]. These instruments have high precision but need high 
operational cost. In contrast, flame atomic absorption spec-
trometry (FAAS) is more accessible and relatively inexpen-
sive than other instruments. However, auxiliary techniques 
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are carried out to overcome the main disadvantages of FAAS 
systems. It is known that FAAS system has low sensitivity 
for most metals, resulting from low nebulization efficiency 
and rapid exit of atoms from the atomization region. Vari-
ous preconcentration methods such as liquid-phase microex-
traction (LPME), cloud point microextraction (CPE), solidi-
fied floating organic drop microextraction (SFODME) and 
solid-phase extraction (SPE) have been applied to enrich 
the analyte(s) to a concentration level measurable by the 
FAAS system [5, 7, 27, 32]. The use of modified magnetic 
sorbents in SPE methods to preconcentrate different analytes 
from various sample matrices has been one of the popular 
applications in recent years. Magnetic nanoparticles (MNPs) 
have been widely used in analyte preconcentration processes 
and there are several studies to maximize their potentials 
in preconcentration processes. MNPs are useful materials 
for SPE applications because their adsorption surface areas 
are significantly higher than other materials, and can collect 
analytes even from complex environmental matrices [27].

MNPs can be modified with various structures that 
selectively or more effectively bind to the target analyte 
and separate the analyte from the bulk sample. Dendrimers 
are highly branched and functional macromolecules with 
a strong heavy metal binding capacity [31]. Dendrimeric 
molecules have been evaluated as strong metallic chelators/
sorbents due to their inner cages and nitrogen functional 
groups [24]. After dendrimers have been modified, they can 
be conveniently used as SPE sorbents.

The synthesis of magnetic dendrimers using Fe3O4 needs 
the Michael addition and amidation reactions. These mag-
netic dendrimers have analytical applications for the extrac-
tion of various analytes in the literature [37, 38]. In addi-
tion, some studies on the production of magnetic sorbents 
by dendrimer encapsulation are available in some studies [6, 
14, 18]. Since encapsulated and core-produced dendrimeric 
nanoparticles are completely different in terms of their struc-
tures, these materials tend to behave differently. Yuan et al. 
presented a magnetic sorbent prepared by growing third-
generation poly(amido)amine on the surface of superpara-
magnetic microspheres. It was observed that the synthesized 
sorbent provided a better maximum adsorption capacity 
(395.2 mg g−1) for U(VI) than many reported studies. In 
addition, it was observed that the sorbent could be reused 5 
times without any significant change in the U(VI) removal 
efficiency [36]. Yuan et al. synthesized magnetic PAMAM 
nanoparticles for use in a magnetic solid-phase extraction 
(MSPE) method to preconcentrate cadmium and mercury 
ions. Diethyldithiocarbamate (DDTC-Na) was selected as 
the chelator and high-performance liquid-phase chromatog-
raphy and ultraviolet variable wavelength detector (HPLC-
VWD) was utilized in the separation and detection of the 
analytes. Under the optimal conditions of the proposed ana-
lytical method, the detection limits for Cd2+ and Hg2+ were 

recorded as 0.016 and 0.040 μg L−1, respectively [37]. In 
another work conducted by Ma et al., PAMAM dendrimers 
(MGO-PAMAM) up to the fourth generation were synthe-
sized using graphene-oxide-supported Fe3O4 nanoparticles 
[18]. MGO-PAMAM structures are characterized by various 
techniques such as transmission electron microscopy (TEM), 
X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), elemental analysis, X-ray photoelectron 
spectroscopy (XPS), and thermogravimetric analysis (TGA). 
Further, MGO-PAMAM can be evaluated as a sorbent for 
the extraction of various analytes. Results have shown that 
the MGO-PAMAM third-generation sorbent is an effective 
sorbent for Hg(II), with a maximum adsorption capacity of 
113.71 mg g−1 [18].

This study proposed an unconventional procedure for the 
synthesis of Fe-MNP-G2-OH sorbent and an accurate and 
sensitive analytical method for copper and cobalt at trace 
levels in tea samples. To the best our knowledge, this is the 
first study that Fe-MNP-G2-OH sorbent was synthesized 
in acetone medium by the precipitation reaction and used 
as sorbent for the extraction of cobalt and copper from tea 
samples. Encapsulated PAMAM-OH MNP was synthesized 
using iron salts, and characterization studies were performed 
using TGA, SEM and FTIR. The synthesis procedure was 
optimized in terms of iron salts/dendrimer molar ratio. The 
encapsulated magnetic particles were used as an effective 
sorbent for the preconcentration of copper and cobalt from 
tea samples (green and black tea). Substantial parameters 
such as pH, buffer solution volume, sorbent amount, dissol-
vent type and volume, mixing type and volume were opti-
mized, and the analytical performance of the method was 
evaluated under optimum conditions.

Experimental

Materials and methods

Analytically grade chemicals and reagents (PAMAM-OH 
G2, 10% in methanol, iron (II) sulfate heptahydrate, iron (III) 
chloride, acetone, sodium hydroxide, pH 3–10 buffer solu-
tions, nitric acid, and hydrochloric acid) used in the synthe-
sis of the nanoparticles and analytical method development 
were of analytical grade and purchased from Sigma Aldrich 
(Darmstadt-Germany). Standard stock solutions of copper 
and cobalt with approximate concentrations of 1000 mg/L 
were purchased from High-Purity Standards (Charleston, 
SC—USA) and diluted to prepare working and calibration 
standard solutions for analytical method development.
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Instrumentation

A Shimadzu AA-7000 model (Kyoto, Japan) FAAS system 
was used for the measurement of absorbance values. A Pho-
tron multi-hollow cathode lamp (Cr–Cu–Co–Fe–Ni–Mn) 
(Victoria, Australia) was employed as a light source and 
operated at 10 mA and 20 mA to determine cobalt and cop-
per at their analytical wavelengths of 240.7 and 324.8 nm, 
respectively. A neodymium magnet was used to separate 
the sorbent from the matrix. Ultrapure deionized water 
was obtained from a Merck Millipore Direct-Q 3 UV water 
purification system (Merck KGaA, Darmstadt, Germany). 
FTIR spectra were obtained using a Thermo Scientific Nico-
let IS10 FTIR spectrophotometer. For the morphological 
characterization of the nanoparticles, SEM analyses were 
employed using ZEISS Sigma 300 (Oberkochen, Germany). 
TGA analysis was implemented using Seiko Exstar 6000 
(Chiba, Japan).

Preparation of iron PAMAM‑G2‑OH encapsulated 
magnetic nanoparticle (Fe‑MNP‑G2‑OH)

PAMAM-G2-OH was purchased from Sigma Aldrich and 
used after removing its methanol content. PAMAM-G2-OH 
(0.25 g, 0.07 mmol) was dissolved in 15 mL of ultrapure 
deionized water and 1000 eq. of iron (III) chloride (12.5 g, 
17 mmol) and 500 eq. of iron (II) sulfate heptahydrate 
(9.47 g, 0.85 mmol) salts were added to the PAMAM-
G2-OH solution. The solution was heated for an hour at 
60 °C under a nitrogen atmosphere with a constant stirring at 
250 rpm. Sodium hydroxide solution (0.75 M) was added to 
the reaction medium until the pH was fixed to 7.0 to initiate 
the reduction process. Black colored bare nanoparticles were 
formed after the solution was kept at pH 7.0 and stirred for 
one hour. The nanoparticles were separated from the solution 
by centrifugation and decantation of the supernatant liquid. 
When the supernatant was added to excess acetone solution 
(1000 mL) at + 4.0 °C, iron-encapsulated PAMAM-G2-OH 
(Fe-MNP-G2-OH) precipitates were formed [2, 17]. The 
precipitated Fe-MNP-G2-OH was separated from the solu-
tion after centrifugation and decantation were performed. 
The synthesized nanoparticles were placed in a vacuum oven 
and dried for about 5.0 h at 70–80 °C.

Preparation of bare iron (II,III) oxide nanoparticles 
(bare MNP)

The iron (II,III) oxide nanoparticle (bare MNP) was pre-
pared by the reaction of only iron salts without using 
PAMAM-G2-OH. Here, 2.0 eq. iron (III) chloride (0.56 g, 
3.4 mmol) and 1.0 eq. iron (II) sulfate heptahydrate (0.47 g, 
1.7 mmol) were mixed in 50 mL of deionized water and 
heated to 60 °C. After 1.0 h, sodium hydroxide (0.75 M) was 

added to the reaction mixture until the pH value reached to 
8.0. Black precipitates were formed when the base solution 
was added. After a 30-min mixing period, the precipitate 
was separated from the solution with a magnet, washed, and 
dried in a vacuum oven ready to use [9].

Extraction procedure

Sample and standard solutions (15 mL) were pipetted into 
50 mL centrifuge tubes and buffered with 1.0 mL of pH 9.0 
buffer solutions for each analyte. The solution was vortexed 
for 30 s before adding 20 mg of the Fe-MNP-G2-OH nano-
particles and followed by vortex mixing (45 s for cobalt and 
60 s for copper) to enhance the interaction between the ana-
lytes in the solution and the sorbent. The analyte adsorbed 
onto the Fe-MNP-G2-OH sorbent was collected at the bot-
tom of the centrifuge tube using a neodymium magnet and 
the aqueous supernatant was carefully discarded. Next, 
0.40 mL of concentrated nitric acid (%65, w/v) was added 
to the Fe-MNP-G2-OH sorbent and vortexed for 15 s. The 
sorbent was completely dissolved in concentrated nitric acid. 
Next, the acidic solution was aspirated to the FAAS system 
for absorbance measurements.

Preparation of the real samples

The applicability and reliability of the developed method 
were determined by performing recovery experiments on 
green and black tea samples. Different tea brands produced 
in Turkey were purchased from local markets (İstanbul, Tur-
key). The tea samples were prepared by boiling in drinking 
water at 95 °C. Specifically, 10 g of green and black tea was 
separately added to 100 mL of drinking water in a teapot and 
left to brew for 2.0 h [4]. At the end of the brewing period, 
the samples were filtered through 125 mm filter papers. The 
filtered sample solutions were spiked to desired concentra-
tion values and then diluted with distilled water. After this 
process, there was a 100-fold dilution for both samples.

Results and discussion

To determine the optimum parameters of the analytical 
method, experiments were carried out by keeping all param-
eters constant while testing only one parameter at differ-
ent variables. The parameter that gave the highest absorb-
ances was selected as the optimum value for subsequent 
experiments.

Characterization of Fe‑MNP‑G2‑OH sorbent

PAMAM-G2-OH, including 16 terminal-OH functional 
groups on its surface, was reacted with iron salts, and the 



636	 Ö. Yılmaz, İ. Koyuncu 

reduction reaction was carried out in a basic medium. After 
the precipitation of the filtrate phase with acetone, Fe-MNP-
G2-OH nanoparticle was obtained. TGA, SEM and FTIR 
techniques were used for the characterization of the synthe-
sized magnetic nanoparticle. In the last step of the synthesis 
procedure of Fe-MNP-G2-OH, it was stated that the MNP 
was obtained by precipitating the filtrate part in acetone [2, 
17]. PAMAM-G2-OH is soluble in solvents such as acetone, 
methanol, and water and it is not possible to precipitate. 
However, Fe-MNP-G2-OH was precipitated using acetone 
in the procedure presented in this study. Figure 1 shows the 
comparative FTIR spectra of the structures.

Accordingly, it was observed that the specific vibration 
peaks of the PAMAM-G2-OH molecule overlapped with the 
spectrum of the Fe-MNP-G2-OH. The characteristic absorp-
tion band at 1635 cm−1 and 1549 cm−1 belongs to C=O 
stretching and N–H bending vibrations of amide groups 
and overlapped in the spectra of the PAMAM-G2-OH [3, 
12] and the Fe-MNP-G2-OH. In addition, the O–H group 
stretching was observed as a broad peak at 3279 cm−1 and 
3265 cm−1 in FTIR spectra of the PAMAM-G2-OH and the 
Fe-MNP-G2-OH. It was also deduced that the intense peaks 
around 620 cm−1 and 1136 cm−1 were due to the vibration 
of − CO–O–Fe stretching [3, 12] and the vibration bands at 
636 cm−1 corresponding to Fe–O bond. These results proved 
the success of Fe-MNP-G2-OH synthesis.

The TGA analyses were conducted to investigate the tem-
perature degradation characteristics of PAMAM-G2-OH 
and Fe-MNP-G2-OH. The TGA curves provided valuable 
information about the organic and inorganic contents of 
these structures. It was observed that PAMAM-G2-OH did 
not leave any residue under a nitrogen atmosphere even at 
a high temperature of 800 °C. However, the introduction 

of Fe-MNP-G2-OH, which contains Fe3O4 nanoparticles, 
resulted in a high char yield of 57% under the same condi-
tions. These results indicate that the incorporation of Fe3O4 
nanoparticles significantly affected the thermal degradation 
characteristics of the Fe-MNP-G2-OH structure.

In the SEM analysis (Fig. 2) performed to examine the 
particle size distribution of Fe-MNP-G2-OH, Fig. 2 displays 
the presence of spheroids composed of Fe3O4 nanoparticles. 
These nanoparticle-sized spheroids were observed and pro-
vided a detailed insight into the morphology and structure 
of the Fe-MNP-G2-OH nanoparticles.

Although many studies that include the synthesis of the 
dendrimeric nanoparticle have been reported in the litera-
ture [1, 36], the MNP precipitation process was performed 
in acetone in this study. In the procedure, the molar ratio 

Fig. 1   Comparison of FTIR 
spectra of Fe-MNP-G2-OH and 
PAMAM-G2-OH ((PAMAM-
G2-OH-IR (ATR, cm−1): 3279, 
3088, 2938, 2828, 1635, 1549, 
1437, 1371, 1064, 1028, 680, 
592. Fe-MNP-G2-OH-IR (ATR, 
cm−1):3265, 1645, 1558, 1136, 
636, 620
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Fig. 2   SEM image of Fe-MNP-G2-OH sorbent



637Determination of copper and cobalt in different tea samples at trace levels by FAAS after…

of total iron salts molar equivalent to dendrimer was 3000. 
It was observed that, as the salt content was increased, the 
yield, magnetization rate, and the total Fe amount in the 
synthesized MNPs increased. According to these literature 
findings, the total salts/dendrimer molar ratio was optimized 
by testing ratios of 30, 100, 500, 1500, 3000, and 4500. 
Experiments show Fe content increase with the molar total 
salts/dendrimer ratio. To measure the total amount of Fe 
in the synthesized MNP, 40 mg of the MNP was dissolved 
in 600 μL of concentrated nitric acid and sent to the FAAS 
system for absorbance measurement. The total Fe content in 
MNPs achieved saturation after 3000-fold, hence the optimal 
total salts/dendrimer ratio was chosen as 3000.

Optimization of SPE parameters

Effect of pH and volume of buffer solution

The pH value of the extraction medium affects the interac-
tion between the terminal -OH groups and interior functional 
groups of the Fe-MNP-G2-OH with the analyte. Therefore, 
pH value was an important parameter for the developed 
SPE method. Figures 3 and 4 show the absorbance values 
recorded for copper and cobalt standard solutions extracted 
in the pH range of 1.0–12.

Acidic region up to pH 6.0 recorded very low/no absorb-
ance values, and this could result from the protonation of 
the functional groups on the nanoparticles. In addition, the 
high amounts of ionic species in the acidic region could 
compete with copper and cobalt for adsorption sites on the 
nanoparticles, resulting in low absorbance values. According 
to the results obtained, the optimum pH media for copper 
and cobalt were selected as pH 9.0 for both MNPs. In addi-
tion, the tendency of metals to form organometallic com-
plexes at high pH may increase their binding/adsorption to 
the MNP surface [39]. To find the optimum volume of the 
buffer solutions, experiments were carried out with 0.5, 1.0, 
1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 mL volumes of buffer solution. 

As can be seen in Fig. S1, the optimum value was found to 
be 1.0 mL for both analytes due to its high absorbance values 
for both analytes.

Effect of sorbent amount

It is extremely important to determine the optimum amount 
of nanoparticles in SPE process because it directly affects 
the availability of active surface sites for analyte adsorption. 
It is known that the efficiency of elution decreases when 
more than the optimum amount of the MNP is used if the 
relationship between the amount of MNP and the volume 
of eluent is considered. MNP amounts below the optimum 
value lead to less active sites for efficient adsorption of ana-
lytes and cause a decrease in the analytical performance. 
In addition, it is important to keep the eluent volume as 
low as possible to achieve the high preconcentration factor. 
For these reasons, different MNP amounts including 20, 30, 
60, and 80 mg were tested and the optimum value accord-
ing to the highest absorbance value was chosen as 30 mg 
for Fe-MNP-G2-OH and 20 mg for the bare MNP, given 
in Figs. S2 and S3. No absorbance signal was recorded for 
the bare MNP amount under 20 mg for both analytes. A 
linear decrease in absorbance values for the bare MNP was 
recorded after 20 mg, and this can be ascribed to the eluent 
volume (0.40 mL of concentrated HNO3), which was not 
sufficient to elute the adsorbed analytes from the surface of 
the relatively large amounts of MNP.

Effect of dissolvent type and volume

In most SPE methods, the adsorbed analytes are desorbed 
from the surface of the sorbent material with an appropriate 
dissolvent. In some cases, sorbent materials tend to com-
pletely dissolve in the selected dissolvent and it was also 
observed in this study. In order to achieve a high enrichment/
preconcentration factor, the difference between the initial 
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and final volumes should be high. For this purpose, the dis-
solvent used should have a high dissolution capacity for the 
analyte even at its low volumes. It is crucial to find a proper 
dissolvent type for the desorption of analyte without caus-
ing significant noise in the absorbance signal of the analyte. 
For this purpose, concentrated nitric acid, hydrochloric acid 
and acetic acid were tested for their dissolution capabilities 
for both analytes. As can be seen in Fig. S4, concentrated 
nitric acid was chosen as the optimum dissolvent for both 
sorbent types. The average absorbance values recorded for 
concentrated nitric acid were 1.2-fold for Cu2+ and 1.3-fold 
for Co2+ higher than hydrochloric acid. The lowest absorb-
ance values were recorded for the sorbents dissolved in 
acetic acid. The possible organic species in the acetic acid 
could interfere with the beamline and cause the decrease in 
absorbance values. In addition, 0.10, 0.20, 0.30, 0.40, 0.60, 
0.70 and 0.80 mL volumes of the selected dissolvent were 
tested, and the optimum value obtained for both analytes was 
0.40 mL of concentrated nitric acid, given in Fig. S5. The 
lowest absorbance values were recorded for the lowest two 
(0.10 and 0.20 mL) and the highest two (0.70 and 0.80 mL) 
dissolvent volumes, and this observation can be attributed to 
insufficient dissolution and high dilution for the lowest and 
highest volumes, respectively.

Effect of mixing type and period

The interaction between analytes and sorbent materials in a 
solution can be enhanced by employing an appropriate sam-
ple mixing method with a certain period. Manual mixing, 
mechanical shaker, ultrasonication, and vortex mixing types 
were tested for three replicate samples of the two analytes. 
All mixing types were applied for a 30 s period. The absorb-
ance values recorded for the mixing types were compared 
to an extraction performed without any mixing process to 
ascertain the effect of mixing. According to the results given 
in Fig. S6, the highest average absorbance was recorded for 
vortex mixing, which was about 3.7 and 5.1 times higher 
than that of no mixing for copper and cobalt, respectively. 
Different vortex mixing periods including 15, 30, 45, 60, 
and 90 s were then tested. As can be seen in Fig. S7, the 
optimum mixing periods determined were 45 s for cobalt 
and 60 s for copper.

The efficiency and practicality of the vortex mixer was 
used to facilitate the dissolution process and obtain a homog-
enous solution for aspiration into the FAAS system. After 
testing different vortex periods, 30 s emerged as the opti-
mum one due to high and repeatable absorbance values.

Analytical figures of merit 
for the Fe‑MNP‑G2‑OH‑SPE‑FAAS method

Analytical performance of the Fe-MNP-G2-OH-SPE-FAAS 
method was carried out by analyzing aqueous standard solu-
tions (2.5–250 μg L−1 for Cu2+ and 5.0–250 μg L−1 for Co2+) 
under the optimum SPE conditions given in Table 1. The 
contribution of the dendrimeric structure in the MNP was 
evaluated by comparing Fe-MNP-G2-OH with bare MNPs. 
According to the results given in Table 2, the bare-MNP-
SPE-FAAS method enhanced the detection sensitivity of the 
conventional FAAS system by about 31 and 14 times for 
copper and cobalt, respectively.

In the Fe-MNP-G2-OH-SPE-FAAS method, a linear 
range was determined for copper between 2.5 and 250 μg 
L−1 with a correlation coefficient of 0.9995, and the limits 
of detection (LOD) and quantification (LOQ) were found 
to be 0.52 and 1.7 μg L−1, respectively. Therefore, the Fe-
MNP-G2-OH-SPE-FAAS method was about 230 times more 
sensitive than the FAAS method for copper. Percent relative 
standard deviation values (%RSD) were calculated using the 
lowest concentration in the calibration plot for both analytes. 
As for cobalt, the Fe-MNP-G2-OH-SPE-FAAS method 
was linear between 5.0 and 250 μg L−1 with a correlation 
coefficient of 0.9991, and LOD and LOQ values of 1.1 and 
3.7 μg L−1, respectively. Hence, the detection limit of FAAS 
for cobalt was decreased about 101 times by the Fe-MNP-
G2-OH-SPE-FAAS method. The performance of Fe-MNP-
G2-OH was about 4.4- (copper) and 4.6-fold (cobalt) higher 
than the bare-MNP as can be seen in Table 2.

The analytical performance of the method reported in 
this study was compared to similar studies that have been 
reported in the literature based on LOD values. In the related 
literature, the LODs reported for copper and cobalt fall in the 
range of 1.5–220 μg L−1 and 1.2–2.4 μg L−1, respectively. 
According to these results, it can be said that the perfor-
mance of our proposed study is comparable or relatively 
better for copper [19, 27, 34, 35] and cobalt [8, 15, 16, 25]. 

Table 1   Optimum conditions 
for Fe-MNP-G2-OH-SPE-
FAAS method

Parameter Optimum condition/value

Sample volume 15 mL
Buffer solution pH and volume pH 9.0 and 1.0 mL
Sorbent type and amount Fe-MNP-G2-OH, 20 mg
Dissolvent type and period Vortex, 45 s for cobalt and 60 s for copper
Eluent type and volume Concentrated nitric acid (%65, w/v), 0.40 mL
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In addition, other published studies reported for the deter-
mination of copper and cobalt are given in Table 2. These 
results demonstrated that LOD, LOQ and %RSD values for 
the developed method are lower or relatively close to that of 
the reported methods in the literature.

Recovery tests

Recovery experiments are extremely important in the analyt-
ical method development because these experiments ensure 
the applicability and reliability of the proposed analytical 
method to various sample matrices. Real tea samples (green 
and black tea) were prepared by brewing with drinking water 
in a teapot. Since no analyte was detected in the blank tea 
samples, the optimum Fe-MNP-G2-OH-SPE-FAAS method 
was applied to the sample solutions spiked to final concen-
trations of 50, 75, and 200 μg L−1 of the two analytes. Since 
tea samples are known to contain various components such 
as polyphenols, caffeine, amino acids, and vitamins, the cali-
bration standards were prepared using the spiked tea sam-
ples. Here, green tea and black tea extracts, which did not 
contain the analytes of interest, were used to prepare 6-point 
matrix-matched calibration standards (25–250 μg L−1), and 
the calibration plots given in Figs. S8 and S9 were used to 
quantify the analytes found in the spiked tea samples. The 
percent recovery results calculated for copper and cobalt in 
both samples were in the range of 97–101% and 93–107%, 
respectively. The percent recovery results summarized 
in Table 3 were satisfactory meaning that the developed 

analytical method can be used to accurately quantify cop-
per and cobalt in green and black tea samples.

Conclusions

In the presented study, PAMAM-G2-OH was encapsulated 
through a specific synthesis procedure to yield Fe-MNP-
G2-OH sorbent and its structural characterization was 
achieved using SEM, TGA and FTIR. In addition, opti-
mization experiments related to total iron and dendrimer 
molar ratios were carried out to effectively synthesize and 
characterize the Fe-MNP-G2-OH sorbent. The synthesized 
magnetic nanoparticle was used as a sorbent for Fe-MNP-
G2-OH-SPE method. The parameters of the SPE method 

Table 2   Comparison of 
analytical system performances 
in this study

* Uncertainties: Standard deviation for n = 3
1 FI-SPE-FAAS: Flow-injection–solid-phase extraction–flame atomic absorption spectrophotometry
2 DES-HLLME-FAAS: Deep eutectic solvent-based homogeneous liquid–liquid microextraction–flame 
atomic absorption spectrophotometry
3 DLLME-FAAS: Dispersive liquid–liquid microextraction–flame atomic absorption spectrophotometry
4 DMSPE-RP-FAAS: Dispersive micro-solid-phase extraction based on rejection property–flame atomic 
absorption spectrophotometry
5 SPE-FAAS: Magnetic dispersive solid-phase extraction–flame atomic absorption spectrophotometry
6 UA-DMSPE-FAAS: Ultrasound assisted–dispersive microsolid-phase extraction–flame atomic absorption 
spectrophotometry

Method LOD, μg L−1 LOQ, μg L−1 % RSD References

Copper Cobalt Copper Cobalt Copper Cobalt

FAAS 120 112 400 368 4.1 2.7 This study
Bare-SPE-FAAS 4.7 6.8 15.5 22.5 3.4 3.7
Fe-MNP-G2-OH-SPE-FAAS 0.52 1.1 1.7 3.7 8.5 8.1
FI-SPE-FAAS1 0.45 – – – 5.9% – [13]
DES-HLLME-FAAS2 0.13 – 5.0 – 2.1% – [29]
DLLME-FAAS3 – – 4.83 – 6.6% – [32]
DMSPE-RP-FAAS4 1.5 1.2 – – 1.8% 1.7% [26]
SPE-FAAS5 – 0.2 – – – 3.8% [30]
UA-DMSPE-FAAS6 – 0.3 – – – 1.3% [10]

Table 3   Percent recovery results obtained by matrix matching for 
cobalt and copper spiked in green tea and black tea

* Uncertainties: standard deviation for n = 3

Analyte Spike concentra-
tion, μg L−1

%Recovery ± %RSD

Green tea Black tea

Cobalt 50 97.2 ± 1.1% 97.9 ± 7.7%
75 101.9 ± 0.3% 101.1 ± 4.5%
200 97.3 ± 0.6% 98.2 ± 5.9%

Copper 50 101.2 ± 8.1% 102.4 ± 1.2%
75 93.8 ± 0.4% 94.2 ± 1.1%
200 107.8 ± 1.1% 93.0 ± 0.9%
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were systematically optimized to enhance the extraction 
efficiency and absorbance signals for both analytes. The Fe-
MNP-G2-OH-SPE-FAAS method was found to be 230 and 
101 times more sensitive for Cu2+ and Co2+, respectively, if 
compared to the FAAS method. In addition, the applicability 
and reliability of the method were tested using different tea 
samples spiked to different concentrations and satisfactory 
results close to 100% were obtained. As a result, the devel-
oped Fe-MNP-G2-OH-SPE-FAAS method increased the 
sensitivity of the FAAS method and overcame interference 
from components of the complex tea samples. The method 
presented in this study is a simple, rapid, inexpensive, effi-
cient, and green analytical approach for the determination 
of copper and cobalt at trace levels. The developed method 
can be extended to other heavy metals in tea samples. In 
addition, the synthesized sorbent can be used for the extrac-
tion of other organic and inorganic species to obtain trace 
determination of the target analyte(s).
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