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Abstract

The preparation and characterization of thiol-functionalized graphene oxide—iron oxide (Fe;0,~GO-SH) nanocomposites
(novel magnetic adsorbents) for the simultaneous preconcentration and determination of heavy metal ions, such as Ag(l),
Pb(II), and Cd(II), from water samples were carried out in the present research. The characterization of the resultant Fe;0,—
GO-SH nanocomposites was performed by SEM, TEM, EDX, XRD, FT-IR, and VSM. The preconcentration optimization
of pH solution, adsorbent amount, ultrasonic power for adsorption and desorption processes, adsorption time, and elution
solvent type and concentration was performed by the ultrasonic-assisted magnetic solid-phase extraction. Under optimal
conditions, linear ranges were found to be 20-1000 pg L™! for Ag(I) and Cd(II) ions and 200—-10,000 pg L™ for Pb(II) ions
with a regression coefficient of R?>0.99. The limits of detection for Ag, Pb, and Cd ions were 1.7 pg L™}, 14.1 pg L', and
0.9 pg L', respectively, and the limits of quantification for Ag, Pb, and Cd ions were 5.9 pg L™, 47.3 pg L™}, and 3.2 pg L',
respectively. The recovery rate of these metal ions for water samples (drinking water, tap water, swamp water, and wastewater
from plating plants) ranged between 80 and 115%. Therefore, the proposed method can potentially be used for the simultane-
ous preconcentration and determination of heavy metal ions from real water samples, and its reusability can be easily carried
out by the deionized water treatment.
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sample preparation method due to its numerous advantages,
including small sample volume, short extraction time, and
high extraction efficiency [1-3]. Moreover, this preconcen-
tration method is widely used for the enrichment of trace
metals by increasing the dispersive mass transfer of adsor-
bents and analytical molecules under ultrasonic irradia-
tion [4, 5]. Hence, the ultrasonic-assisted technique has a
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promising extraction performance. To increase the analyti-
cal concentration through the removal of sample matrixes
or interferences, different preconcentration methods, such
as dispersive liquid-liquid microextraction (DLLME) [6],
cloud point extraction (CPE) [7], hollow fiber solid/liquid
microextraction [8], ion-exchange chromatography [9], and
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solid-phase microextraction (SPME) [10-12], have been
applied. SPME has the advantages of easy operation, short
contact time, small eluent volume, low laboratory cost,
and high preconcentration factor, and thus, it is an effec-
tive method for the preconcentration of analytes. However,
SPME still faces some separation limitations for nanosorb-
ents; therefore, magnetic materials are introduced to solve
this problem. Magnetic (Fe;0,) is the most common iron
oxide used in biomedicine due to its low toxicity, relative
ease of functionalization, and high magnetization at room
temperature [13—15]. It can improve the separation of nano-
sorbents and expand the use of the conventional SPE limit.
Sorbents are not required to be packed into cartridges, and
phase separation can be easily realized under an external
magnetic field. In general, nanosorbents have a high sur-
face area, a good adsorption capacity, and a short adsorption
rate; thus, rapid equilibrium time and facile analyte extrac-
tion could be achieved by incorporating a small amount of
sorbent.

Among several nanosorbents, graphene oxide (GO)
attracts considerable attention due to its high preconcen-
tration capability for different analytes, such as metal ions
[16, 17]. GO is a two-dimensional structure of a single car-
bon layer [18]. GO manifests numerous interesting proper-
ties, such as low weight, high porosity, high surface area,
non-toxic, high chemical and thermal stability, excellent
electrical properties, high adsorption capacity, and low
cost [19-21], and thus, it has an excellent ability for the
preconcentration of heavy metals. Moreover, it contains
abundant reactive oxygen-containing functional groups,
such as hydroxyl, epoxy, and carboxylic [17]. In an effort
to increase the chemical versatility, chemical functionaliza-
tion is an easy way to modify GO. Avashthi et al. explored
the use of 2-amino-1,3,4-thidiazole functionalized GO for
photoluminescence and nanocytotoxicity activities [22]. It
appeared as an advanced material which can be used for
development of various biomedical applications. The nitro-
gen functionalized GO has proven useful for thermally sta-
ble bioscaffold [23]. Moreover, the surface modification of
GO by nitrogen species showed potential optically active
photoluminescence properties [24], in vitro cytotoxicity,
and antioxidant evaluations [25]. Furthermore, the func-
tionalization of GO by thiol groups increases its adsorption
capacity [26]. The thiol group is an excellent ligand due
to its strong affinity to several metal ions, such as Cd(II),
Ni(II), Cu(I), Cr(I), Hg(I), and Pb(Il) [27-29], and it
can be attributed to Lewis acid-base interactions based
on Pearson’s Hard Soft Acid—Base theory [28]. Due to its
soft base characteristics, the thiol group can interact with
soft acid metals or borderline metal ions [29]. Therefore,
the combination of thiol-functionalized GO with Fe;0, as
an adsorbent for ultrasonic-assisted magnetic solid-phase

extraction (UA-MSPE) can improve the preconcentration
efficiency of Ag(I), Pb(Il), and Cd(II) metal ions in water
samples and reduce the contact time in the preconcentration
process. In addition, the ultrasonic technique can also be
used for adsorbent synthesis. Furthermore, a small absor-
bent particle size leads to a short synthesis time and fast
mass transfer [30-32]. Therefore, the UA-MSPE technique
can improve the performance of simultaneous preconcen-
tration and determination of Ag(I), Pb(Il), and Cd(II) metal
ions in water samples.

In the present work, the preparation, characterization,
and application of Fe;0,~GO-SH as a new magnetic nano-
sorbent for UA-MSPE were studied. Fe;0,~GO-SH was
synthesized from 3-mercaptopropyl trimethoxysilane by a
facile co-precipitation method under ultrasonic irradiation.
The resultant magnetic nanosorbent was characterized by
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD), attenuated total reflec-
tance-Fourier transform infrared spectroscopy (ATR-FT-IR),
and vibrating sample magnetometry (VSM). The UA-MSPE
based on Fe;0,~GO-SH, was used as an efficient sample
preconcentration method for the determination of selected
metal ions [Ag(I), Pb(Il), and Cd(II)] in ten different types
of water samples, followed by atomic absorption spectrom-
etry (AAS). Alternatively, this approach can be considered
green, because we present a simple, efficient as well as green
way to synthesize Fe;0,~GO-SH using ultrasonic technol-
ogy. Then UA-MSPE was carried out under the synergistic
effect of ultrasound action and vibration, which signifi-
cantly improved extraction and preconcentration efficiency,
enhanced sample throughput, and accelerated the process
of extraction.

2 Experimental section
2.1 Chemicals and reagents

All chemicals used in the present work were of analytical
grade. Ferric chloride hexahydrate, ferrous sulfate hep-
tahydrate, nitric acid, and sodium acetate were purchased
from QREC (Auckland, New Zealand). 3-mercaptopropyl
trimethoxysilane and graphite powder were procured from
Sigma-Aldrich (Saint Louis, USA). Lead nitrate and cad-
mium acetate dihydrate were supplied by Fluka Chemie
AG (Buchs, Switzerland). Silver nitrate and ammonium
hydroxide were purchased from Carlo Erba (Milan, Italy)
and AnalaR (Poole, England), respectively. A water purifica-
tion system (Molsheim, France) was used to produce deion-
ized water with a resistivity of 18.2 MQ cm.
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2.2 Characterization

ATR-FT-IR spectra were measured by a TENSOR 27 system
(Bruker Optics, Germany) in the range of 500-4000 cm™'.
EDX spectra and surface images were recorded by a
HITACHI S-3000 N SEM (Hitachi Co. Ltd., Japan). XRD
patterns were characterized by a PANalytical Empyrean
instrument (Netherlands) under monochromatic Cu-K,
radiation (A =0.15406 nm) with 260=15°-70° and a scan-
ning speed of 4 min~!. A Lake Shore VSM 7403 (USA)
was used to examine magnetic properties. TEM images were
recorded by a Tecnai G* 20 FEI (USA) operating at 200 kV.
An ultrasonic bath (Model GT Sonic, China) with a tank
size of 36 cm X 65 cm X 40 cm, a frequency of 40 kHz, the
maximum ultrasonic power of 720 W, and a heater operating
at 20-80 °C with a heating power of 800 W was applied for
UA-MSPE. The solution pH was measured by a UB-10 Ultra
Basic pH meter. The detection of Ag(I), Cd(II), and Pb(II)
ions in water samples were performed by a Perkin Elmer
Instrument AA Analyst 100 (USA).

2.3 Synthesis of Fe;0,-GO and Fe;0,-GO-SH

Magnetic graphene oxide (Fe;0,~GO) was synthesized by
the co-precipitation method under ultrasonic irradiation.
FeCl;-6H,0 (0.2 g) and FeSO,-7H,0 (0.1 g) at a ratio of
2:1 (w/w) [33] were dissolved in deionized water (9 mL)
and sonicated in an ultrasonic bath at 0.2 kW for 5 min.
Ammonia solution (1 mL, 30%, w/v) and GO were then

Scheme 1 The synthesis of
Fe304-GO-SH as a novel
adsorbent by ultrasonic-assisted
method

1) Fe(II), Fe(III)
2) DI

0.2 KW, 5 min

1) Fe;0,-GO
2) Ethanol

0.2kW,3 h
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0.2 kW, 45 °C, 20 min

dropped into the mixture. A black precipitate of Fe;0,
magnetic nanoparticles (MNPs) appeared. The obtained
Fe;O, MNPs were washed with deionized water until the
solution pH became neutral and dried in an oven at 50 °C
for 12 h.

Thiol-functionalized magnetic graphene oxide
(Fe;0,~GO-SH) was prepared by the reaction of 3-mer-
captopropyl trimethoxysilane (MPTMS) with Fe;0,~GO.
The Fe;0,~GO powder was dispersed in ethanol (1 mL)
and sonicated in an ultrasonic bath at 0.2 kW for 3 h.
MPTMS (300 puL) was then added to the mixture, heated
to 45 °C, and sonicated at 0.2 kW for 20 min. Finally,
Fe;0,~GO-SH was dried in an oven at 50 °C for 12 h.
The resultant sorbent was also characterized by SEM,
TEM, EDX, XRD, FT-IR, and VSM. The synthesis route
of Fe;0,~GO-SH is illustrated in Scheme 1.

2.4 Preparation of standard solutions and samples

For each metal analyte, 25 mL stock solutions at con-
centrations of 1 g L™! were prepared in deionized water.
Working standards were prepared daily from the stock
solutions by dilution with deionized water to a final con-
centration of calibration curves. Optimization of the UA-
MSPE procedure was carried out with stock solutions
diluted with 0.01 M acetate buffer (pH 6.5).

Real water samples used in the present study included
drinking water, tap water, and swamp from a local area

I)NHOH ™

0.2 kW, 30 min Wash and dry

3-Mercaptopropyl
trimethoxysilane (MPTMS)

dry
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of Khon Kaen, Thailand. All real water samples were
pretreated by filtration and adjusting the desired pH with
acetate buffer (pH 6.5) before performing the UA-MSPE
process.

2.5 UA-MSPE

The determination of Ag(I), Pb(I), and Cd(II) metal ions by
thiol-functionalized magnetic graphene oxide/iron oxide was
carried out under optimum conditions of UA-MSPE. Scheme 2
shows the experimental procedure. First, the sorbent 0.03 g in
20 mL aqueous sample solution containing different concen-
trations of analyst with an acetate buffer solution of pH=6.5
were added into a tube. The mixture was then sonicated in
an ultrasonic bath at 0.4 kW for 25 min. Subsequently, the
supernatant was removed by a magnet. The elution of adsorbed
metal ions was performed by 10 mL of 1 M H,SO, under soni-
cation at 0.2 kW for 10 min. The supernatant was separated
by the same magnet prior to the determination of metal ions
by AAS.

The determination of the studied metal ions in the solution
was performed by AAS and expressed in terms of the equilib-
rium adsorption capacity (¢.; ug g7') [34, 35]:

q. = (Cy—C)V/m, 1)

where g, is the equilibrium adsorption capacity (ug g™h, Co
is the initial concentration (pg mL™"), and C., is the residual
concentration after the equilibrium of metal ions (ug mL™),
and m is the magnetic sorbent mass (g), and V'is the volume
of metal ions in the acetate buffer solution (mL).

The relative percentage recovery was calculated by
Eq. (2) [36]:

Recovery(%) = [(Cfound - Creal)/cadd] X 100’ (2)

where Cing Crealr a1d Cyygeq are, respectively the metal ion
concentration found after the addition of a known amount
of standard metal ions in real samples, the real concentra-
tion of metal ions in the samples, and the standard metal ion
concentration in real samples.

Scheme 2 Picture illustration of
UA-MSPE procedures

548%; Fe;0,-GO-SH =525 Metal ions
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3 Results and discussion
3.1 Characterization of Fe;0,-GO-SH

The TEM and SEM images of Fe;0,, Fe;0,-~GO, and
Fe;0,~GO-SH are displayed in Figs. 1 and 2, respec-
tively. The average particle sizes of Fe;0,, Fe;0,-GO,
and Fe;0,~GO-SH were around 10 nm. The face-cen-
tered cubic structure of Fe;O, was confirmed by TEM
images and selected area electron diffraction patterns
(SAED) (Fig. 1) [37]. The presence of GO ripples and
sphere-shaped Fe;0, particles was noticed in Fe;0,~GO.
The morphology and thickness of Fe;0,~GO changed
after thiol-functionalization; thus, the as-synthesized
Fe;0,~GO-SH acted as a magnetic sorbent.

The composition of Fe;0,~GO-SH MNPs was analyzed
by EDX spectrometry (Fig. 3). The contents of O and Fe
in Fe;O, MNPs were found as 41.1 wt% and 58.79 wt%,
respectively. The C, O, and Fe contents in Fe;0,~GO
were calculated as 52.90 wt%, 23.22 wt%, and 23.87 wt%,
respectively [38]. A new peak of C from GO appeared at
0.277 keV. In addition, the EDX spectrum of Fe;0,~GO-SH
had the peaks of C (23.34%), O (32.40%), Si (3.84%%), S
(9.80%), and Fe (30.60%). Both the peaks of S and Si in
MPTMS were also present in this spectrum. Therefore, the
successful thiol-modification on Fe;O,~GO was confirmed.

Figure 4 displays the XRD patterns of Fe;0,, Fe;0,-GO,
and Fe;0,~GO-SH in the 20 range of 15°-70°. The dif-
fraction peaks at 20=30.4°, 35.6°, 43.4°, 57.3°, and 62.9°
originated from the (220), (311), (400), (422), (511), and

| SAED (Fe,0,)

(400)

—eeeeei & 00 11,

P Fe,0,-GO-SH

Fts
b—— 20 nm

Fig. 1 TEM images of Fe304, Fe304-GO, Fe304-GO-SH, and its SAED from XRD of Fe304
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Fig.2 SEM images of Fe304, Fe304-GO, and Fe304-GO-SH

(440) planes of Fe;0,, respectively [39]; thus confirming the
presence of pure Fe;O, particles with a face-centered cubic
structure [40]. Furthermore, the diffraction peak intensities
of Fe;0,~GO and Fe;0,~GO-SH decreased due to the inter-
actions between GO and SH.

The FT-IR spectra of GO, Fe;0,~GO, Fe;0,~-GO-SH,
and MPTMS are demonstrated in Fig. 5. The absorption
band around 570 cm™ appeared from Fe—O, suggesting
the presence of iron oxide (Fe;O,) deposition [41]. In the
FT-IR spectrum of Fe;0,~GO, the O-H-stretching band
at 3340 cm™! and the C—O-stretching band at 1043 cm™
indicate the formation of Fe;0,~GO. In the IR spectrum
of Fe;0,~GO-SH, the peaks at 2974 cm™', 2900 cm™!,
1080 cm™', and 2567 cm™' appeared from C-H stretching

(CH; and CH,), Si—O stretching, and S—H stretching of the
thiol group, respectively [42], therefore, confirming the suc-
cessful synthesis of Fe;0,—~GO-SH.

The magnetic properties of the nanosorbent were evalu-
ated by VSM. The magnetic hysteresis loops of Fe;0,,
Fe;0,~GO, Fe;0,~GO-SH, and GO are exhibited in Fig. 6.
GO exhibited no magnetic properties. The saturation mag-
netization values for Fe;O,, Fe;0,~GO, and Fe;0,~GO-SH
were 91.58 emu g7!, 31.18 emu g!, and 17.51 emu g/,
respectively. The saturation magnetization of Fe;0,~GO
and Fe;0,~GO-SH decreased due to the formation of
Fe;0,~GO and Fe;0,~GO-SH. The separation of metal
ions in the aqueous dispersion of Fe;O,—~GO-SH under the
external magnetic field was achieved within 10 s. Therefore,

@ Springer
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Fig.3 EDX spectra and their wt% element composite of Fe304, Fe304-GO, and Fe304-GO-SH

Fe;0,~GO-SH could be used for the rapid magnetic separa-
tion of metal ions.

3.2 pH at the point of zero charge (pH,,)

The point of zero charge (pH,,) is an important factor to
characterize surface charges of materials. First, a 0.01 M
NaCl solution was added to sealed vials (10 mL). The
pH of each vial was adjusted to between 1 and 12 with
0.1 M HCI or NaOH solutions. A 30 mg portion of the
Fe;0,~GO-SH was added to each vial and shaken for 48 h
at room temperature. pH was determined using a pH meter
and pH,,, is the point where the curve pHg,,) vs. pHjigia
crosses the line pH =pHg,.. Generally, solution pH

initial

@ Springer

has some effects on the adsorption capacity of an adsor-
bent. Therefore, functional groups of Fe;0,~GO-SH
could dissociate as either positively or negatively charged
species depending on solution pH. At pH <pHpzc, the
adsorbent surface was protonated by hydrogen ions (H™)
in the solution; therefore, the surface became positively
charged. In contrast, the surface was negatively charged
by hydroxide ions (OH") at pH>pH,, [43]. The pHpzc of
Fe;0,~GO-SH with the relationship between initial and
final pH is demonstrated in Fig. 7. The presence of the
plateau (acted as a buffer zone) indicates that the mate-
rial exhibited amphoteric properties. pH;,i;i,—PHgn, refers
to the pH range in which the buffering capacity of the
adsorbent occurred; therefore, for all pH values in this,
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Fig. 6 Magnetization curves of Fe304, Fe304-GO, Fe304-GO-SH,
and GO
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Fig.7 pHpzc determination of Fe304-GO-SH nanoadsorbent

the pHg,,; value was almost the same and corresponded
to pHy,,.. The pH,,, value of Fe;0,-GO-SH was found as
5.60, suggesting that the adsorbent surface was predomi-
nantly positive at pH <5.60 and negative at pH > 5.60.
Therefore, pH=5.60 was the pH . of Fe;0,~GO-SH.

pzc
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3.3 Optimal conditions for the UA-MSPE method

For the simultaneous determination of Ag(I), Pb(Il), and
Cd(I) in the solution using Fe;0,~GO-SH as the nanosorb-
ent by UA-MSPE method, different experimental param-
eters, such as solution pH, sorbent amount, sample volume,
sonication time, ultrasonic power, elution solvent type, elu-
ent concentration, and enrichment factor, were optimized.
In addition, the adsorbent reusability was also investigated
in detail. The nature of the extraction solution, ultrasonic
power, and sonication time were the most important param-
eters. Therefore, high extraction efficiency was achieved
under optimized extraction conditions. Each experiment was
performed at least three times.

3.3.1 Effect of solution pH

The test was carried out for the pH range of 3-8 using 10 mL
of the solution containing 21.58 mg L™! of Ag(I), 207.2 mg
L' of Pb(II), and 11.2 mg L™! of Cd(II) and 0.02 g of the
adsorbent for 5 min at 0.2 kW, and the obtained results are
exhibited in Fig. 8. The simultaneous adsorption of metal
ions increased with increasing pH. At pH =3, the adsorption
of Ag(I), Pb(II), and Cd(IT) was 973 pg g™', 590 ug ¢!, and
1208 ug g7, respectively. Due to competition between pro-
ton—adsorbed area interaction and the metal ion—adsorbed
area interaction, the g, of metal ions decreased in the acidic
solution. The g, of metal ions continuously increased
from pH=3 to pH=5.6 (pH,,,.=5.6) and then remained
constant till pH=_8. The sorbent surface was negatively
charged at pH > 5.6 because carboxyl and hydroxyl groups
in Fe;0,—~GO-SH acted as anions. Negatively charged
hydroxyl, carboxyl, and thiol groups of Fe;O0,~GO-SH

7000
2000
Ph(I)
6000 = 1500
cam g 1m0
5000 T s
[]
3 4 5 6 7 8
a 4000
g
b pH
-
= 3000 10 aem
Y om0
2000 - poan)| §
j,,j/t/. ¥ 9
1000 : As0 345678
r'd o
0 —

Fig.8 Effect of the solution pH of these metal ions on their adsorp-
tion capacity
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electrostatically interacted with metal ions based on the
hard—soft acid—base (HSAB) (Scheme 3); therefore, pH=6.5
was selected as the optimum condition.

3.3.2 Effect of adsorbent dosage

The test was carried out with 0.03-0.06 g of Fe;O,~GO-SH
and 30 mL of the deionized water sample containing of
Ag(D), Pb(II), and Cd(II) for 5 min at pH=6.5 and 0.2 kW,
and the corresponding results are displayed in Fig. 9a. It is
noticeable that 0.03 g of the adsorbent was sufficient for
metal ions adsorption, and the further addition of the adsor-
bent decreased the q, values of metal ions. Higher amounts
of MNPs caused the aggregation of metal ions; thus, the
surface area available to metal ions decreased [44]. There-
fore, the adsorbent amount was selected as 0.03 g for the
adsorption process.

Fe,0,

e
Oam  Qpoan €K
0 cam

Scheme 3 The adsorption mechanism of metal ions using Fe304—
GO-SH as adsorbent
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Fig.9 UA-MSPE of a amount of adsorbent, b volume of sample, ¢ adsorption time, and d ultrasonic power and e amount of salt

3.3.3 Effect of sample volume

The test was performed with the initial sample volume of
5-30 mL for 5 min at 0.2 kW, and the obtained results are
presented in Fig. 9b. The equilibrium adsorption capacity
increased between 5 and 20 mL and then remained con-
stant. Therefore, 20 mL was selected as a suitable sample
volume, because this was the minimum dose of the initial
sample volume to achieve the highest q, for the simultaneous
adsorption of metal ions.

3.3.4 Effect of adsorption time

The effect of adsorption time on the g, of the studied metal
ions was investigated using Fe;0,~GO-SH as an adsorbent.
The test was carried out in an ultrasonic bath for the adsorp-
tion time of 5-30 min at 0.2 kW, and the corresponding
results are displayed in Fig. 9c. The curve first continuously
increased and then remained constant. Due to the equilib-
rium state of the sample and the adsorbent in the solution,
the simultaneous adsorption of metal ions reached within
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25 min; hence, the optimum adsorption time was selected
as 25 min.

3.3.5 Effect of ultrasonic power

Ultrasonic power is also a key parameter to evaluate the g,
of the studied metal ions. The experiment was conducted
in the range of 0.1-0.5 kW. Figure 9d reveals that the g,
of metal ions continuously increased up to 0.4 kW, and an
indistinguishable recovery rate was noticed. As the adsor-
bent was well dispersed by ultrasonication, a high surface
area of the adsorbent and a high metal ion adsorption rate
were achieved; therefore, the optimum ultrasonic power was
selected as 0.4 kW.

3.3.6 Effect of salt addition

The effect of ionic strength on the efficiency of metal ions
adsorption was investigated for 0-5% (w/v) NaCl. Figure 9¢
expresses that salt addition had a negative effect on metal
ions adsorption. Due to the competition between metal ions
and Na* ions under electrostatic interactions reduced the
surface area of the adsorbent for metal ions adsorption; thus,
no salt addition was needed for further study.

3.3.7 Effect of elution solvent

To achieve a high enrichment factor and percent recovery,
the desorption process was carried out using 10 mL of 1 M
HCI, HNO;, H,SO,, and CH;COOH, each with 0.03 g of the
sorbent for 25 min at 0.4 kW. Metal ions were then extracted
to the liquid phase by each elution, followed by AAS. At
pH lower than 4, metal ions were replaced by H* from the
acid; thus, an acidic medium should be preferred for metal
ion desorption. Figure 10a indicates that H,SO, yielded the
highest recovery of the studied metal ions.

3.3.8 Effect of eluent concentration

The effect of H,SO, concentration on the desorption of
metal ions was studied. The test was carried out using 10 mL
of 0.2-1.2 M H,SO, and 0.03 g of the adsorbent for 25 min
at 0.4 kW, and the corresponding results are presented in
Fig. 10b. It is evident that 1 M H,SO, could elute all metal
ions simultaneously with a high percent recovery; therefore,
1 M H,SO, was sufficient for the elution of the studied metal
ions.

3.3.9 Effect of desorption time
The effect of sonication time on metal ions desorption was

studied for 5-10 min using 10 mL of 1 M H,SO, as the
eluent under an ultrasonic power of 0.4 kW. The highest

@ Springer

recovery of metal ions was found after 10 min (Fig. 10c). As
the adsorbent had a high surface area, the desorption equi-
librium state was achieved within a short period. Therefore,
the optimal sonication time for the elution of metal ions
was 10 min.

3.3.10 Effect of ultrasonic power

The effect of ultrasonic power for the desorption of metal
ions was also investigated. The ultrasonic power for the des-
orption process varied in the range of 0-0.5 kW for 10 min
(Fig. 10d). It is evident that the application of ultrasonic
waves for metal ion desorption could produce higher percent
recovery. Moreover, the desorption process was successfully
carried out for 10 min at 0.2 kW in an ultrasonic bath, and
an indistinguishable recovery rate was achieved. Therefore,
the ultrasonic power of 0.2 kW for 10 min was the optimized
condition for metal ions desorption.

3.3.11 Effects of sample volume and enrichment factor (EF)

Sample volume is an important parameter to obtain a high
enrichment factor. The sample volume varied from 10 to
200 mL, and the enrichment factor was determined by Eq. 3
[45]:

EF = Cexl/Cini’ €)

where EF is the enrichment factor, C, is the analyte con-
centration in the extraction phase, and C;; is the initial
analyte concentration. Under optimal conditions, the EF
value increased with the increasing sample volume from
10 to 200 mL. The EF values ranged between 1.0 and 20.5
for Ag(I), 0.99-20.1 for Pb(Il), and 0.92-19.2 for Cd(II)
(Fig. 10e). The recovery rates of Ag(I), Pb(II), and Cd(II)
were above 90% (Fig. 10f); thus, the UA-MSPE method
could be operated with the above-mentioned sample vol-
ume. Higher sample volumes were not considered due to
the difficulty in sample preparation. Therefore, 200 mL of
a real sample was used for sample extraction to achieve the
highest EF.

3.4 Reusability of the magnetic nanoadsorbent

The reusability of the adsorbent was repeated eight times,
and the corresponding results are presented in Fig. 10g. It
is evident that Fe;0,~GO-SH MNps were stable after six
times of the reusability test without any significant loss in
the sorption capacity, indicating a good efficacy of the as-
synthesized Fe;0,~GO-SH as an adsorbent for the simul-
taneous preconcentration of Ag(I), Pb(Il), and Cd(II) metal
ions. The highest recovery rate was found as > 80% and then
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decreased to 72% and 67% respectively; thus, the studied
metal ions were also reusable for at least six times.

3.5 Analytical performance

The analytical performance parameters used in the pre-
sent study are summarized in Table 1. The analysis was
performed based on the calibration curves for five differ-
ent concentration levels. Linear ranges were found to be
20-100 pg L™! for Ag(I) and Cd(II) and 200-10,000 pg L™
for Pb(II) with the regression coefficients of 0.9983, 0.9970,
and 0.9967 for Ag(I), Pb(Il), and Cd(II), respectively. The
limits of detection (LOD; 3 X SD/m) and limits of quantifi-
cation (LOQ; 10 x SD/m) (SD is the standard deviation of
metal ions at low concentrations and m is the slope of a cali-
bration curve) for Ag, Pb, and Cd were found as 1.7 pg L™

and 59 pg L', 14.1 pg L' and 47.3 pg L', and 0.9 pg L™
and 3.2 pg L' respectively. The repeatability (data collected
from three independent standard preparations, intra-day
%RSD) and reproducibility (data collected from 3 consecu-
tive days, inter-day %RSD) for Ag, Pb, and Cd were found as
1.28% and 2.76%, 5.04% and 3.87%, and 0.77% and 6.34%
respectively (%RSD =percentage of relative standard devia-
tion); therefore, these results indicate the high sensitivity
and precision of the proposed method. Moreover, the EF
values for Ag(I), Pb(II), and Cd(II) were found as 20.5, 20.1,
and 19.2, respectively. The previous results of other relative
techniques based on the utilization of SPE combined with
the FAAS for Ag(I), Pb(Il), and Cd(II) analysis are summa-
rized in Table 2. The proposed method provides high per-
formance in terms of recovery, LOD and LOQ. In addition,
this method is robust as it requires less adsorbent, and is also

Table 1 Analytical characteristics of the proposed method for determination of metal ions

Analytical parameter

Analytical feature

Ag

Pb Cd

Linearity (ug L™") 20-1000

Linear equation

Correlation coefficient (R%) 0.9983
Limit of detection (LOD), (pg L, n= 11) 1.7 (34.6)*
Limit of quantification (LOQ), (pug L~ n=11) 5.9 (115.5)*
Intra-day analysis (n=3%3) 1.28
Inter-day analysis (n=3x%3) 2.76
Enrichment factor (EF) 20.5

y=1.0198x+0.0049
(y=0.4825x+40.0133)*

20-1000

y=1.0034x+0.0149
(y=0.4809x+0.0164)*

200-10,000

y=0.4889x+0.0356
(y=0.1002x+40.0257)*

0.9970 0.9967
14.1 (281.7)* 0.9 (20.0)
47.3 (939.3) 3.2 (66.9)
5.04 0.77

3.87 6.34

20.2 19.3

#The values reported in parentheses were obtained from standard solution of metal ions without preconcentration

Table 2 Comparison of the present method with other sorbent-based methods for the determination of metal ions by FAAS

Material Tons Recovery (%) LOD (ug L™ LOQ (ng L") Reference
Sepabeads SP207/5-(p-Dimethylaminobenzylidene) Rhodanine Ag) 95-106 0.13 0.44 [46]
Alumina-coated magnetite nanoparticles Ag) 96-102 0.56 - [47]
naphthalene-dithizone Ag(D) 99.2-100.4 3.9 - [48]
N,N-dibutyl-N1-benzoylthiourea impregnated onto Amberlite XAD-16 Ag(I) 97.9-99.7 0.11 - [49]
Activated carbon Cd(II) 99-104% 0.3 - [50]
Octadecyl silica disk modified by pyridine derivative ligand Cddn) 93.7-98% 5 - [51]
activated carbon modified with methyl thymol blue CddI) - 1 - [52]
PITC-functionalized Cd(II) - 0.05 - [53]
Pb(II) 0.9
Silica-gel chemically modified with ethyl-2-benzothiazolylacetate Pb(I) 74-104 22 - [54]
(SiB) Cu(II) 1
Penicillium digitatum immobilized on pumice stone Pb(I)Zn(II) 95-98 5.8 - [55]
1.3
Fe;0,~GO-SH Ag() 80.4-111.1 1.7 59 This work
Pb(ID) 14.1 473
Cd(n 0.9 32
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Table 3 De.termination of heavy Sample UA-MSPE
metal ions in real water samples
Content (mg L™ Recovery (%)
Ag Pb Cd Ag Pb Cd
Drinking water 1 N/A  N/A N/A 101.4+7.2 825+89 110.5+7.1
Drinking water 2 N/A  N/A N/A 104.6+6.7 83.8+8.6 109.1+7.9
Drinking water 3 N/A  N/A N/A 101.7+5.9 829+64 111.1+£6.0
Industrial waste water | ~ N/A 25.3+9.7 1.9+2.6 96.8+85 103.1+8.6 1103+7.1
Industrial waste water 2~ N/A  298.4+9.2 N/A 104.1+£7.0 1054+6.7 86.9+4.2
Industrial waste water 3 N/A  N/A N/A 100.4 +4.7 84.3+9.9 83.8+9.1
Swamp water 1 N/A  N/A N/A 100.1+4.5 83.8+9.1 86.6+6.0
Swamp water 2 N/A  N/A 1.9+33 99.7+3.9 86.0+8.8 1094+11.4
Swamp water 3 N/A  N/A N/A 96.6+6.6 87.9+9.9 89.5+5.6
Tap water N/A  N/A N/A 101.4+4.0 80.4+7.2 853+7.7

N/A is the selected metal ion which is not available in the sample (the C,, value is extremely lower than

LOD)

cost-effective and simple. It also offers high sensitivity and
rapid preconcentration with satisfied recovery.

3.6 Analysis of real water samples

The demonstrated process was applied for the simultane-
ous preconcentration and determination of Ag(I), Pb(Il),
and Cd(II) ions in real water samples (three drinking water
samples, three wastewater samples from plating plants,
and three swamp water and tap water samples from Khon
Kaen, Thailand). It is evident from Table 3 that all metal
ions in drinking water and tap water samples were not
detectable. Some swamp sample water samples contained
a trace amount of Cd (1.9 +3.3 mg L™!). Industrial waste-
water samples contained Pb (25.3 +9.7 mg L1-298.4 +9.
2 mg L") and Cd (1.9+2.6 mg L™"). The accuracy of the
proposed method was performed by studying the recovery
rates of metal ions in the real water samples. Each sample
was spiked with 2 mg L™! of Ag(I), Pb(II), and Cd(II) stand-
ard solution under optimum conditions by the UA-MSPE
method for preconcentration. The obtained recovery values
are the mean value of three independent determinations. The
recovery rates for Ag(I), Pb(II), and Cd(II) ranged between
96.6+6.6% and 104.6+6.7%, 80.4+7.2% and 105.4 +6.7%,
and 83.8+9.1%and 111.1 +6.0% respectively. Ag(I), Pb(Il),
and Cd(II) were effectively adsorbed and preconcentrated
by the UA-MSPE process, and their recovery rates ranged
between 80 and 115%. In addition, the preconcentration
efficacy was expressed in terms of EF for the UA-MSPE
method. The EF values were found to be approximately 20
for Ag(I), Pb(Il), and Cd(II) ions and 10 for Cr ions.

4 Conclusion

In the present study, an ultrasonic-assisted magnetic solid-
phase extraction (MSPE) method was applied for the
simultaneous preconcentration and determination of trace
amounts of metal ions [Ag(I), Pb(Il), and Cd(II)] in water
samples. Fe;0,~GO-SH NPs as a novel adsorbent were
synthesized from 3-mercaptopropyl trimethoxysilane by
the co-precipitation method under ultrasonic irradiation.
Fe;0,~GO-SH NPs have the advantages of high surface
area and facile reuse of adsorbents using deionized water.
Ultrasonication is a beneficial tool to increase the disper-
sion of an adsorbent into a solution. Therefore, the combi-
nation of sonication with MSPE improved the performance
of simultaneous preconcentration and determination of
metal ions. According to Pearson’s Hard—Soft Acid—Base
theory, the thiol group has soft base characteristics; thus,
it can easily interact with soft acid metals or borderline
metal ions. Hence, Fe;0,~GO-SH easily adsorbed Ag(]),
Pb(1I), and Cd(II) ions from water sample, because Ag(I)
and Cd(II) are soft acids, and Pb(II) is a borderline metal
ion. In addition, high recovery rates, good precision, and
high enrichment factors were obtained. Therefore, the pro-
posed method can effectively be used for the simultaneous
preconcentration and determination of metal residues in
water samples.
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