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A B S T R A C T

Pleurotus eryngii loaded Fe2O3 magnetic nanoparticles were developed as novel magnetic solid phase bio-ex-
tractors for the preconcentrations and extractions of Co(II) and Hg(II) from real samples. The metal binding
surface groups of the prepared magnetic solid phase bio-extractors were investigated by FT-IR spectrometry,
SEM and EDX. Several parameters influencing the magnetic extractions and preconcentrations of Co(II) and Hg
(II) were examined and optimized, including pH, flow rate, quantity of P. eryngii, quantity of Fe2O3 magnetic
nanoparticle, eluent type, concentration and volume, sample volume, and foreign ions. A good reusage (35
times) was obtained with the relative standard deviation (RSD) of< 5.0% for both magnetic solid phase bio-
extractors. The biosorption capacities were determined for Co(II) and Hg(II) as 25.4 mg g−1 and 30.3mg g−1,
respectively, using P. eryngii loaded Fe2O3 magnetic nanoparticle column. The preconcentration factors for Co(II)
and Hg(II) were found as 80 and 100, respectively, when using P. eryngii loaded Fe2O3 magnetic nanoparticle
column. The developed procedures were validated through analysis of the certified reference materials and
successfully utilized for the determinations of Co(II) and Hg(II) in real samples by inductively coupled plasma
optical emission spectrometry (ICP-OES) with satisfactory results.

1. Introduction

With developments in industry, mechanic, electronic, pollution in
environmental scale is an inevitable result due to discharge. However,
the livings are the first to be directly affected by it. Chemical and
physical methods for water treatment such as settling, coagulation,
filtration, chemical treatment, etc. are used to reduce pollution [1].
However, these are relatively expensive methods. Methods of bio-
technological origin have attained special focus in the last two decades,
which are covered by the term environmental biotechnology.

As a natural earth element (0.0025% on earth's crust, 33rd most
abundant element), Co. is available in food, feed and environmental
samples such as soil, rock and water. Co is an essential part of Vitamin
B12 [2]. Erosion, volcanoes, fires in forests and industrial emission are
defined as sources of Co. Its radioactive isotope Co-60 (emit beta

particles) is used in nuclear medicine for a long time. Its effect depends
on its radiation dose. Acute symptoms were reported when the dose was
higher than 50 rad. A reduction in male fertility was also reported for
acute and repeated exposure [3]. Stimulation of haema oxidation by Co
was also reported [4]. Considering the long term exposure and carci-
nogenicity studies on mice by two different studies of the NTP (National
Toxicology Program), it can be concluded that Co has carcinogenic
effects on mice. Mortality was observed when a 19-month old male
child ingested Co orally as CoCl2. Co concentrations in plasma and
blood were determined as 426 and 237 μg L−1, for a 6-year-old boy.
Reproductive effects of Co in humans have not been reported up to
now. It can be concluded from the studies that an exposure of Co could
cause damage on liver and kidney [5]. Hg and its compounds have been
accepted as highly toxic to livings. As a naturally occurring element Hg
concentration in earth's crust is about 80 μg kg−1. Hg and its
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compounds evaluated as problems. Major sources of Hg cause en-
vironmental activities such as volcanic activity and oceanic upwelling.
However, anthropogenic activities are major problems of exposure to
Hg and its compounds [6].

By considering the possible toxicity of metal ions, their concentra-
tions should be measured routinely. It is well known that concentra-
tions of metal ions are at trace levels in environmental and biological
samples and foods. Atomic spectrophotometric techniques are generally
employed to measure the concentrations of metal ions in a variety of
samples. F-AAS (flame atomic absorption spectrometry), ICP-OES (in-
ductively coupled plasma optical emission spectrometry), GF-AAS
(graphite furnace atomic absorption spectrometry), ICP-MS (in-
ductively coupled plasma mass spectrometry), are ashing on high
temperature, digestion with strong acids and digestion in microwave
oven are techniques to decompose the solid and liquid sample matrix
before their elemental measurements [7]. In contrast, F-AAS and ICP-
OES provide poorer sensitivities when compared with GF-AAS and ICP-
MS. Another issue that should be considered is the cost of the instru-
ments. The cost of F-AAS and ICP-OES are lower than GF-AAS and ICP-
MS. So, it can be concluded that it is difficult to keep any of these
instruments in research laboratories due to financial problems [7]. F-
AAS and/or ICP-OES can be found more easily for instrumental ana-
lysis. However, a pre-concentration step is required for metal ions at
trace levels. LLE (liquid liquid extraction), SPE (solid phase extraction),
coprecipitation, magnetic SPE, DLLME (dispersive liquid-liquid micro-
extraction), ion exchange techniques, membrane filtration techniques,
sorption on sorbents, electrochemical deposition are common techni-
ques that could be applied to collect the analyte metal ions in small
volumes [8]. Thus, further improvement in sensitivity could be
achieved [7].

SPE technique attained special interest due to over advantages to
others. SPE presents low cost operation, short extraction time and ap-
plicability to a wide range of analyte. It further includes organic and
inorganic, multifunctional surface structure, high reusability, is en-
vironmentally friend and eliminates the centrifugation process as well
as the usage of toxic solvents. In this technique, liquid sample (for the
water example) is passed through the column [9]. Analytes are trapped
on sorbents related to their dependency on the affinity between ana-
lytes and sorbents. Generally, a small volume of acidic solutions is used
to elute the trapped analyte from the sorbent. Thus, analytes in high
volumes are collected in small volumes [10].

Spheres, nanotubes, magnetic nanoparticles, nanocages and nano-
horns as nanoparticles have also attracted broad interest in medicine.
Among them superparamagnetic iron oxide nanoparticles (SPIONs),
including magnetite (Fe3O4) and meghamite (Fe2O3), are very inter-
esting and found special usage in magnetic resonance imaging (MRI)
and magnetic hyperthermia, chemotherapy, drug formulation, radio-
immunotherapy, gene therapy and magnetofection [11]. Recent ad-
vances on SPIONs were examined in recent studies related to in vivo
and in vitro cancer nanotheranostics [12]. In addition to medicinal
applications, magnetic nanoparticles have been used to remove metal
ions through batch adsorption and column methods. The main ad-
vantages of the use of magnetic materials are the elimination of the
centrifugation process, high surface area, reproducible surface and
reusability of magnetic materials after activation [13].

Environmental biology also has economical, fast, and efficient ad-
vantages related to the removal of toxic and dangerous metal ions from
different environmental samples such as soil, water, and air.
Biosorption, biodegradation, phytoremediation and bioremediation are
popular methods for the removal of organic and inorganic pollutants
[14,15]. Bacteria, algae, fungi, domestic wastes, wastes of vegetables
and fruits are the major sources for environmental biotechnological
methods due to low cost, being found and/or produced easily and high
efficiency related to micro and macro surface structures [16].

Pleurotus eryngii originated from the shores of the Mediterranean
Sea. Sometimes it is also named Trumpet Royale, King Trumpet

Mushroom or the Boletus of the Steppes. It has generous quantities of
nutrients such as proteins, carbohydrates, minerals, vitamins, and fibre.
It has also antioxidants that help to protect from diseases. One of the
antioxidant compounds of the ingredients of this mushroom is an amino
acid known as ergothioneine. It also contains statins that are illness
fighting compounds. The particular compound found in this mushroom,
is named Lovastatin. It is a compound which helps to remove choles-
terol from the human circulatory system. On the other hand, P. eryngii,
owing to its ligninolytic features, helps to save the environment from
dangerous by-products. Among the substances rendered as harmless by
the powers of P. eryngii are pollutants that are industrial activity pro-
ducts. Others are also organic contaminants. Xenobiotics are protected
by this mushroom in the same way [17].

There have been many biosorption studies with Pleurotus species. In
most of these studies free cells were used. There are not enough studies
with immobilized and magnetized fungal biomasses in literature for the
preconcentration and determination of metal ions in real samples.
These reasons make this study interesting. This research paper re-
presents a new magnetic solid phase extraction process to determine Co
(II) and Hg(II) ions using P. eryngii loaded Fe2O3 magnetic nanoparticles
as a novel biosorbent. The metal ions were desorbed from the surface of
bio-MNPs by using 0.5M HCl. Impacts of pH, flow rate, P. eryngii loaded
Fe2O3 magnetic nanoparticle amounts, eluent type, foreign ions etc.
were examined and optimized. The surface structure of bio-MNPs was
also characterized by FT-IR, SEM and EDX analyzes. The new magnetic
solid phase extraction method could be utilized to liquid and solid
natural samples in environmental samples to determine Co(II) and Hg
(II) levels.

2. Materials and methods

2.1. Biologic materials

In this study, P. eryngii were used as biologic materials that were
collected from Afyonkarahisar in Turkey.

2.2. Synthesis of magnetic iron oxide nanoparticles

FeCl3·6H2O and FeCl2·4H2O (mole ratio 2:1) were weighed. 30mL
of distilled water was used to dissolve the salts. Then it was ultra-
sonicated for 5min. It was refluxed for 10min at 65 °C. 20mL of NH3

(10%, v/v) was added dropwise with vigorous mixing. Black precipitate
was observed during the addition of NH3. Precipitation of Fe2O3 mag-
netic nanoparticle was completed in 1.5 h [18].

2.3. Preparation of P. eryngii on magnetic iron oxide nanoparticles for
immobilization

The dried powdered dead fungal cells were prepared according to
Ozdemir et al. [19]. Approximately 0.2 g of powdered dead P. eryngii
was added to the above-mentioned suspension. It was refluxed for 1 h at
65 °C. Then, the black suspension was filtered and washed with distilled
water until it was neutral. Black precipitates were dried in the oven at
90 °C for 24 h [20].

2.4. Column preparation for magnetic solid phase extraction

A 100mg of immobilized P. eryngii loaded Fe2O3 magnetic nano-
particles were separately weighed by using a precision scale. P. eryngii
loaded Fe2O3 magnetic nanoparticles were synthesized as described
above, and added to 5mL of purified water and mixed until being
homogeneous in the magnetic stirrer for 2 h. The column was thor-
oughly washed with 1M HCl and purified water, respectively before
usage, and then the mixture was slowly added to a 1.0 cm×10.0 cm
size of polyethylene column [21].
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2.5. General biosorption studies

The 30.0mL of model solutions containing 0.5 mg L−1 of Co(II) and
Hg(II) were prepared by diluting the stock metals solution. The model
solution pH was adjusted to the requested rate. This solution was then
passed through the magnetic solid-phase extraction (MSPE) column by
a peristaltic pump. After passing the metal solution, distilled water
(5.0 mL) was passed through the MSPE column. The retained Co(II) and
Hg(II) ions on the fungal biosorbent were then eluted with 5.0 mL of
1.0 mol L−1 HCl. The concentrations of Co(II) and Hg(II) ions in the
solution were simultaneously determined by ICP-OES. The Operating
conditions of ICP-OES were given in Supplementary 1.

2.6. Magnetic solid phase extraction of Co(II) and Hg(II) with P. eryngii
loaded Fe2O3 magnetic nanoparticle

On the recovery of 30mL of 0.5 mg L−1 Co(II) and Hg(II) solutions,
the method was optimized by testing different parameters such as dif-
ferent pH (2,0–9,0), flow rates (1–6mLmin−1), amounts of biomass
(50–500mg), amounts of magnetic iron particles (50–1000mg), vo-
lumes of eluent (3 and 5mL), types of eluent (HCl and HNO3), con-
centrations of eluent (0,5 and 1M), volumes of sample (25–500mL),
effects of different ions (Na+, K+, Ca+2, Mg+2, Fe+2, Al+3, Cd+2,
Cu+2, Ni+2 and Zn+2) and reusages of the column. Once the method
was optimized, the validity of the method with certified reference
materials was tested [21].

2.7. Reusage of MSPE column

30mL of 0.5mg L−1 Co(II) and Hg(II) solutions were passed
through magnetic solid phase extraction columns under optimum
conditions. The amounts of Co(II) and Hg(II) were then determined by
ICP-OES after recovery with 1M of 5mL HCl. In the case of use up to 35
times, the amount of recovery was calculated. With these calculations,
the reusage of the column efficiency was determined.

2.8. Surface characterization of the magnetic fungal biosorbents

50mL of 1mg L−1 Co(II) and Hg(II) solutions at optimum pH va-
lues, determined for each magnetic solid phase extraction column, were
mixed with P. eryngii loaded Fe2O3 magnetic nanoparticles at 120 rpm
for 120min at room temperature using a shaker. P. eryngii loaded Fe2O3

magnetic nanoparticles, were then separated from the solution using a
magnet. P. eryngii loaded Fe2O3 magnetic nanoparticles were then dried
in the oven at 60 °C for 24 h. The dried both magnetic biosorbent was
used for FT-IR and SEM analysis for the surface characterization of the
magnetic fungal biosorbents. FT-IR records were analyzed with the
Perkin-Elmer Spectrum 400 spectrometer. SEM images were recorded
on a LEO 440 SEM with an accelerating voltage of 20 kV to examine
surface morphology. The samples were covered with Au/Pd before SEM
images [21].

2.9. Evaluation of analytical parameters of method

The accuracy experiment as a part of validation of development
method is an obligation for new methods. From this perspective, the
presented SPE method, based on the use of P. eryngii loaded Fe2O3

magnetic nanoparticles, was validated through the applying on certified
and standard reference samples. NWTM-15 fortified water, 1643e trace
elements in water, EU-L-2 waste water and DORM2 (dog fish muscle
certified reference material for trace metals) were employed as certified
samples. 100mL portions of liquid samples were subjected to SPE
procedure after pH adjustment. All of the experiments were repeated
for three times. Concentrations of Co(II) and Hg(II) in eluates were
measured by ICP-OES. The found values were compared with certified
values to evaluate the accuracy of the method.

The precision was evaluated as repeatable according to found re-
sults of certified values. RSD was calculated from the ratio of standard
deviation to mean result. LOD (limit of detection) and LOQ (limit of
quantification) were calculated as 3(sd)/m where sd was the Standard
deviation and m was the slope of the related metal ion. The linear range
was determined by applying the solutions which include the lowest and
highest concentrations of Co(II) and Hg(II).

3. Results and discussion

3.1. Results for surface investigations

FT-IR spectral comparison of P. eryngii loaded Fe2O3 magnetic na-
noparticle, P. eryngii loaded Fe2O3 magnetic nanoparticle with Co(II)
and P. eryngii loaded Fe2O3 magnetic nanoparticle with Hg(II) were
presented in Fig. 1. The surface functionalities of synthesized magnetic
nanoparticles were investigated by considering the spectroscopic results
from FT-IR studies. In Fig. 1a, the broad band at approximately
3200–3300 cm−1 showed the presence of surface hydroxyls of γ-Fe2O3.
The peaks at 500 and 614 cm−1 were characteristic peaks for Fe–O
vibrations of γ-Fe2O3. The peak at nearly 1500 cm−1 was attributed to
carboxyl groups of bacterial biosorbent. The peaks on 1393, 1338 cm−1

in Fig. 1b were evaluated as complexations after Co(II) immobilization.
The peak on 1411 cm−1 in Fig. 1c was evaluated as complexation after
Hg(II) immobilization. In addition, the intensity of peak on 1150 cm−1

decreased seriously after immobilization.
SEM images of P. eryngii loaded Fe2O3 magnetic nanoparticle, P. er-

yngii loaded Fe2O3 magnetic nanoparticle with Co(II) and P. eryngii im-
mobilized Fe2O3 magnetic nanoparticle with Hg(II) and EDX images of P.
eryngii loaded Fe2O3 magnetic nanoparticle with Co(II) and P. eryngii
immobilized Fe2O3 magnetic nanoparticle with Hg(II) were presented in
Fig. 2. It is easy to conclude that homogenous surface structures were
achieved after immobilization on Fe2O3 magnetic nanoparticle.

Fig. 1. FT-IR spectral comparison of a. P. eryngii immobilized γ-Fe2O3 magnetic
nanoparticle b. P. eryngii immobilized γ-Fe2O3 magnetic nanoparticle with Co
(II), c. P. eryngii immobilized γ-Fe2O3 magnetic nanoparticle with Hg(II).
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3.2. The effect of pH

The pH of the immobilized biosorbents was tested at a flow rate of
1mLmin−1 at pH 2.0–9.0 to determine the effect on biosorption of Co
(II) and Hg(II). The effect of pH on the recovery of Co(II) and Hg(II)
using different magnetic solid phase extraction columns is shown in
Fig. 3. The efficiency of biosorption was found to decrease in magnetic
solid phase extraction columns used at pH values lower than pH 4.0.
The optimal pH for Co(II) and Hg(II) was determined to be 5.0 and
4.0–5.0, respectively. Ozdemir et al. [22] studied solid phase extraction
of Co(II) using P. eryngii immobilized on XAD-16. They determined the
optimum pH as 5.0. At pH values of mild acidity (4.0–6.0), analytes
appear to be more suitable for biosorption. These results are consistent
with their primary results. It was determined that when the pH values
were higher than 6.0, the biosorption efficiency decreased in this study.

a. 

.2b.1b

.2c.1c

Fig. 2. SEM images of a. P. eryngii immobilized Fe2O3 magnetic nanoparticle, b1. P. eryngii immobilized Fe2O3 magnetic nanoparticle with Co(II) and c1. P. eryngii
immobilized Fe2O3 magnetic nanoparticle with Hg(II), EDX images of b2. P. eryngii immobilized Fe2O3 magnetic nanoparticle with Co(II) and c2. P. eryngii im-
mobilized Fe2O3 magnetic nanoparticle with Hg(II).
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Fig. 3. Effect of pH for recovery of Co(II) and Hg(II).
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After that, pH 5.0 was used for magnetic solid phase extraction of Co(II)
and Hg(II).

3.3. Effect of flow rate

The flow rate affects the binding of metal ions onto the bacterial
surface and the biosorption efficiency, as well as the processing time
[23,24]. To determine the effect of different flow rates on the retention
of Co (II) and Hg(II), the metal solutions adjusted to optimum pH were
passed through P. eryngii immobilized magnetic solid phase extraction
columns at flow rates of 1–6mLmin−1. Fig. 4, illustrates the effect of
flow rate on the retention of Co(II) and Hg(II) using MSPE column.
When the flow rates were higher than 2mLmin−1, the recovery of Co
(II) and Hg(II) decreased. When the flow rate increased from
3mLmin−1 to 4mLmin−1, the recovery percentages of Co(II) and Hg
(II) decreased from 97.9% to 83.4% and from 98.4% to 86.8%, re-
spectively. The optimum flow rates were found to be 2mLmin−1for bio
magnetic solid phase extraction columns for recovery of tested metal
ions. Similar results were obtained at [21]. In subsequent studies, the
flow rate of 2mLmin−1 was used.

3.4. Effect of amounts of P. eryngii and Fe2O3 magnetic nanoparticle

Effect of using different amounts of P. eryngii on the retention of Co
(II) and Hg(II) are demonstrated in Supplementary 2a. The amounts of
P. eryngii ranged from 50 to 300mg. It was determined that the re-
covery of Co(II) and Hg(II) was 100% when the amounts of biosorbents
increased from 50mg to 150mg. Since the recovery of Co(II) and Hg(II)
did not change in increasing P. eryngii amounts up to 150mg, P. eryngii
amounts of 150mg were determined as the optimum values for the
magnetic solid phase extraction columns. It is reported that when the
amount of biosorbent increases, the amount of biosorbing metal ions
also increases [25]. The data obtained in this study is similar to this
literature information. Similar results have been reported by [19].

The amount of support matrix for the quantitative recovery of metal
ions in solid phase extraction studies is also a very important parameter
[26]. The effect of magnetic solid phase extraction columns using dif-
ferent iron nanoparticle quantities on the retention of Co(II) and Hg(II)
is given in Supplementary. 2b. Despite the increasing amounts of iron
nanoparticles up to 100 and 150mg support matrix, there was no
change in the quantitative recovery of Co(II) and Hg(II) for magnetic P.
eryngii. Therefore, 100mg iron nanoparticles were used as support
matrix in subsequent studies.

3.5. Eluent type, volume and concentration of eluent

The eluent type, volume and concentration, which were used for the
recovery of metal ions from the biosorbent surface, are other important

factors in solid phase extraction studies [7]. HCl and HNO3 were used as
eluent in this study. The results are given in Table 1. According to these
results, 5 mL 1M HCl solution was most suitable for studied magnetic
solid phase extraction columns. In following studies 5mL and 1M HCl
were used as eluent.

3.6. Effect of sample volume

To achieve high preconcentration factors and determine the op-
timum sample volumes 25, 50, 100, 200, 250, 300, 400, and 500mL
containing 0.1, 0.2, 0.4, 0.8, 1.0, 1.2, 1.6, and 2.0 μgmL−1, Co(II) and
Hg(II) were passed through magnetic solid phase extraction columns
under optimum solid phase extraction conditions. The effect of sample
volumes on the recovery of Co(II) and Hg(II) are shown in
Supplementary 3. As seen in figure, the most suitable sample volumes
for the recovery of Co(II) and Hg(II) were 400 and 500, respectively
when using the P. eryngii loaded MSPE column. The recoveries of Co(II)
and Hg(II) decreased at higher sample volumes. As the optimal elution
volume was found to be 5mL, the preconcentration factors for Co(II)
and Hg(II) were determined as 80 and 100, respectively.

3.7. Effect of foreign ions

The effect of foreign ions on the recovery of Co(II) and Hg(II) was
investigated in order to determine the selectivity of the developed
methods. The effect of various concentration of foreign ions such as
Na+, K+, Ca+2, Mg+2, Fe+2, Cd+2, Cu+2, Ni+2, Zn+2 and Al+3 were
added into Co(II) and Hg(II) solutions and magnetic solid phase ex-
traction method was performed. For all the foreign ions tested, quan-
titative recovery values were obtained at the indicated concentrations
in Supplementary 4.

3.8. Impact of column reuse

Among the most important biotechnological and analytical factors is
the operation cost of reusability of immobilized biosorbent in solid
phase extractions. Therefore, column reusability should be tested in
solid phase extraction applications. To do this, Co(II) and Hg(II) solu-
tion was passed through MSPE column 35 times under specified
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Fig. 4. Effect of flow rate for recovery of Co(II) and Hg(II) by immobilized P.
eryngii.

Table 1
Eluent type, volume and concentration on recoveries of Co(II) and Hg(II) by
using immobilized P. eryngii.

Eluent type Volume (mL) Concentration
(mol L−1)

Recovery (%)

Co(II) Hg(II)

HCI 3.0 0.5 87.4 ± 0.3 89.5 ± 0.6
5.0 0.5 92.4 ± 0.5 95.1 ± 0.9
3.0 1.0 92.9 ± 1.2 94.1 ± 1.3
5.0 1.0 100 ± 0.8 100 ± 1.4

HNO3 3.0 0.5 83.7 ± 0.9 84.6 ± 0.7
5.0 0.5 90.5 ± 0.4 91.4 ± 1.1
3.0 1.0 91.3 ± 1.2 92.6 ± 1.2
5.0 1.0 95.6 ± 0.7 96.7 ± 1.0

Table 2
Analytical figures of merit for SPE method based on the use of P. eryngii im-
mobilized Fe2O3 magnetic nanoparticle as sorbent.

Parameter Co(II) Hg(II)

LOD, ngmL−1 0.014 0.06
LOQ, ng mL−1 0.046 0.19
RSD, % 2.9 4.1
Linear range, ngmL−1 0.25–12.50 0.25–12.50
r2 0.9988 0.9989
Preconcentration factor 80 80
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optimum conditions. The impact of column reuse on recovery of Co(II)
and Hg(II) using different magnetic solid phase extractors is shown in
Supplementary 5. According to the findings, it was determined that
when using all the columns applied for 35 times, the efficiency of
quantitative recovery of Co(II) and Hg(II) was higher than 95%.

3.9. Analytical figures of merit

400mL of solutions including Co(II) and Hg(II) in the range of
2.25–12.5 ngmL−1 were passed through the SPE columns and the re-
tained ions were eluated to the final volume of 5.0 mL. The analytical
features of the developed SPE method based on the use of P. eryngii
immobilized Fe2O3 magnetic nanoparticle are listed in Table 2, showing
LOD, LOQ, linear range and correlation coefficient of the linear plot,
and RSD. LOD and LOQ were calculated as 0.014 and 0.06 ngmL−1

respectively for Co(II) and Hg(II) in case of P. eryngii immobilized with
γ-Fe2O3 magnetic nanoparticles as biosorbent. Comparison of analytical
characteristics of the preconcentration methods for Co(II) and Hg(II)
were compared with literature [27–32]. Table 3. summarizes the LOD,
PF, linear range, instrument for SPE methods for Co(II) and Hg(II). The
developed methods provide enough sensitivity and linear range to-
gether with low LOD.

Biosorption capacities of Co(II) and Hg(II) using P. eryngii loaded
magnetic solid phase extraction column were found as 25.4 mg g−1 and
30.3 mg g−1, respectively. Ghaedi et al. [33] and Pourjavid et al. [34]
reported that the columns Co(II) capacities of bis(2-hydroxy acet-
ophenone)ethylendiimine loaded on activated carbon and graphene
oxide were found as 2.1mg g−1 and 6.8mg g−1, respectively. Roushani
et al. [35] indicated that the column Hg(II) capacity of ion-imprinted
polymers were determined as 7.89mg g−1. It is clear to discuss that
biosorbents originated from P. eryngii immobilized γ-Fe2O3 magnetic
nanoparticles have high adsorption capacities with respect to literature.

3.10. Accuracy of the method

Co(II) and Hg(II) concentrations in NWTM-15, 1643e, EU-L-2 and

DORM2 samples were measured by ICP-OES after applying the devel-
oped SPE procedure by using P. eryngii immobilized Fe2O3 magnetic
nanoparticles. Results were presented in Table 4 as well as the certified
values. It can be concluded that the concentrations of Co(II) and Hg(II)
in reference samples agreed with certified values. Therefore, the de-
veloped methods could be applied to real samples for preconcentrations
of Co(II) and Hg(II).

3.11. Application of the method

After the accuracy of the method, the applicability of the method
was tested on real samples. For this purpose, tap water, mineral water
and Van Lake waters were sampled and prepared for SPE procedure.
Both of the sorbents were used separately for the preconcentrations of
Co(II) and Hg(II) at the best experimental conditions. The concentra-
tions of Co(II) and Hg(II) determined after MSPE procedures were listed
in Table 5.

4. Conclusion

In this research, dried dead P. eryngii were loaded magnetically as
they were hung upon iron nanoparticles. The bio-magnetic solid phase
extractor was used to determine and pre-concentrate Co(II) and Hg(II).
FT-IR, SEM and EDX analyzes were conducted before and after the
biosorption. Besides, impacts of various parameters including pH, flow
rate, amount of P. eryngii and iron nanoparticle, eluent volume, con-
centration and its types, foreign ions, sample volume and column reu-
sage were subjected to a test. The accuracy of the method was identified
through certified reference materials. In addition to these, the amounts
of Co(II) and Hg(II) in natural samples were found by means of pre-
concentration.

Table 3
Comparison of analytical characteristics of the preconcentration methods for Co(II) and Hg(II).

Method Instrument LOD, ngmL−1 PF1 Linear range, ngmL−1 Ref.

Co(II) Hg(II) Co(II) Hg(II) Co(II) Hg(II)

SPE on Amberlite XAD-2 resin anchored with pyrocatechol F-AAS 0.95 – 24 – – – [27]
Vortex assisted magnetic SPE on silica coated magnetic multiwalled carbon

nanotubes impregnated with 1-(2-pyridylazo)-2-naphthol
F-AAS 0.55 – 15 – – – [28]

Ligand-less in situ surfactant-based solid phase extraction F-AAS 1.00 – 37.6 – 3–300 – [29]
Magnetic SPE on magnetic core-shell nanoparticles modified with thiourea-

derived chelating agents
Direct mercury
analyzer

– 0.017 – 100 – – [30]

Preconcentration on dithizone/sodium dodecyl sulfate-immobilized on alumina-
coated magnetite nanoparticles

Cold vapor AAS – 0.058 – 250 – 0.2–80 [31]

Preconcentration on an ion-imprinted polymer coated maghemite nanoparticles F-AAS – 4.1 – 100 – 20–1000 [32]
SPE on Pleurotus eryngii immobilized Fe2O3 magnetic nanoparticle ICP-OES 0.014 0.06 80 80 0.25–12.50 0.25–12.50 This

study

Table 4
Accuracy of the method for P. eryngii immobilized Fe2O3 magnetic nanoparticle.

Sample Co(II), ngmL−1 Hg(II), ngmL−1

Certified Founded Certified Founded

NWTM-15 15.1 15.0 ± 1.1 – –
1643e 27.06 ± 0.32 27.01 ± 0.9 – –
EU-L-2 81 80 ± 3.0 – –
DORM-2a 0.182 ± 0.031 0.175 ± 0.042 4.64 ± 0.26 4.60 ± 0.51

a ng g−1.

Table 5
Applicability of the developed methods to real samples.

Sample Pleurotus eryngii immobilized γ-Fe2O3 magnetic
nanoparticle

Co(II), ngmL−1 Hg(II), ngmL−1

Tap water, Siirt 3.1 ± 0.024 < LOD
Tap water, Diyarbakır 3.4 ± 0.039 < LOD
Mineral water 5.4 ± 0.045 < LOD
Van Lake 4.8 ± 0.041 < LOD
Dicle River 4.2 ± 0.047 < LOD
Botan River 3.9 ± 0.045 < LOD
Kezer River 4.5 ± 0.051 < LOD
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