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Abstract. A new ionic liquid functionalized magnetic silica nanoparticle was synthesized and characterized and tested as an
adsorbent. The adsorbent was used for magnetic solid phase extraction on ICP-MS method. Simultaneous determination of
precious metal Au has been addressed. The method is simple and fast and has been applied to standard water and surface water
analysis. A new method for separation/analysis of trace precious metal Au by Magnetron Solid Phase Extraction (MSPE)
combined with ICP-MS. The element to be tested is rapidly adsorbed on CoFe,O.@SiO,@[BMIM]PF6 composite nano-
adsorbent and eluted with thiourea. The method has a preconcentration factor of 9.5-fold. This method has been successfully
applied to the determination of gold in actual water samples. Hydrophobic lonic Liquids (ILs) 1-butyl-3-methylimidazole
hexafluorophosphate ([BMIM]PF6) coated CoFe,O.@SiO, nanoparticles with core-shell structure to prepare magnetic solid
phase extraction agent (CoFe,0.@SiO,@1Ls) and establish a new method of MSPE coupled with inductively coupled plasma
mass spectrometry for separation/analysis of trace gold. The results showed that trace gold was adsorbed rapidly by
CoFe;0,@SiO,@[BMIM]PFs and eluanted by thiourea. Under the optimal conditions, preconcentration factor of the proposed
method was 9.5-fold. The linear range, detection limit, correlation coefficient (R) and relative standard deviation (RSD) were
found to be 0.01~1000.00 ng-mL%, 0.001 ng-mL™, 0.9990 and 3.4% (n = 11, ¢ = 45 ng-mL™). The CoFe,0,@SiO;,
nanoparticles could be used repeatedly for 8 times. This proposed method has been successfully applied to the determination of

295

trace gold in water samples.
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1. Introduction

Precious metals gold (Au) is widely applied in many
industry fields due to the high catalytic activity, excellent
corrosion resistance, and good electrical conductivity
(Reuter et al. 2016, Vojoudi et al. 2017, Chen et al. 2018a,
Deng et al. 2020, Xu et al. 2020b). Although precious
metals have many applications and advantages in biological
systems, their high levels in human cells are toxic (Inoue et
al. 2015, He et al. 2017, Chang 2020, Jiao et al. 2020, Jiao
et al. 2020, Roy et al. 2020, Wang et al. 2020). Therefore,
removal of precious metals gold (Au) from water resources
at trace level is of the paramount importance (Cheng et al.
2016, He et al. 2018a, b, Shen et al. 2020). A variety of
techniques have been used for pre-concentration and
separation of metal ions including liquid-liquid extraction,
ion exchange, co-precipitation, solid-phase extraction
(Aziz-Zanjani et al. 2014, Radi et al. 2014, Amiri et al.
2017a, b, Liu et al. 2020b, Qi and Fourie 2019, Qi et al.
2019, Qi et al. 2020, Qi et al. 2020, Qi et al. 2020). For
example, in order to eliminate the time-consuming and
costly process of experimental investigations, different
optimization approaches have been suggested (Moghaddam
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et al. 2009, Fanaie et al. 2012, 20154, b, 20164, b, Fanei
and Dizaj 2014). In recent decades, researchers have
focused on novel methods for data prediction and
estimation. In this regard, soft computing and
computational techniques have been proposed which have
many applications in different fields including education,
medical diagnosis, engineering, transportation and so on
(Mohammadhassani et al. 2013, 2014, Safa et al. 2016,
2020, Sadeghipour Chahnasir et al. 2018, Sedghi et al.
2018, Katebi et al. 2019, Mansouri et al. 2019,
Milovancevic et al. 2019, Shariati et al. 2020, Toghroli et
al. 2014, Toghroli et al. 2016, Shariati et al. 2019, Shariati
et al. 2019, Trung et al. 2019). Soft computing approaches
are based on techniques such as fuzzy logic, artificial neural
network, genetic algorithm and machine learning (Ha et al.
2018, Ganesan et al. 2020, Shariati et al. 2019, Shariati et
al. 2019, Safa et al. 2020, Shariati et al. 2020, Shariati et al.
2020, Yazdani et al. 2020). It should be mentioned that the
accuracy of these methods have been proved in numerous
studies (Ha et al. 2018, Tran et al. 20183, b, Takizawa et al.
2019, Ahamed et al. 2020, Arif et al. 2020, Bazilevs et al.
2020, Nguyen-Thi et al. 2020, Pho and Truong 2020,
Takizawa et al. 2020, Pham et al. 2021, Dinh-Cong et al.
2019, Alaskar et al. 2020, Alaskar et al. 2020, Alyousef et
al. 2020, Cao et al. 2020, Cao et al. 2020, Cao et al. 2020,
Cao et al. 2020, Huang et al. 2020, Liu et al. 2020). Among
these  technologies, magnetic  micro-spheres and
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nanoparticles have been attracting more and more attention
for enrichment and separation in trace elements (Awual
2016, Amiri et al. 2017a, Gao and Lu 2020). MFe;04 (M
stands for metal element) is a magnetic material having a
cubic spinel structure and is widely used and widely used in
many fields (Chen et al. 2017, 2018b, Mehdinia et al. 2017,
Gao et al. 2021). Among them, CoFe;Os has a high
saturation magnetization, good adsorption capacity,
magnetic recovery ability and heat stability higher than
room temperature, and has become a hot magnetic core
material in magnetic solid phase extraction in recent years
(Chen et al. 2010, Zhu et al. 2017, Afrazi 2018, Wang et al.
2018a, Mou et al. 2019, Shi et al. 2020). In the past few
years, various magnetic solid phase extraction techniques
using CoFe;04 as a magnetic core have been reported for
the study of the removal of metal ions from aqueous
solutions (He et al. 2018c, Liu et al. 2018, Lu et al. 2019,
Yang et al. 2020b, Zhang et al. 2020k, Qi et al. 2020,
2021). The accurate, sensitive and quick detection of the
trace gold in waste water is very significant (Li et al. 2020b,
Liu et al. 2020c, Zhang et al. 2020h, j). Therefore, a hew
method of Magnetic Solid Phase Extraction (MSPE)
coupled with ICP-MS for separation/ analysis of trace
precious metal Au adsorbed rapidly on
CoFe0,@SiO.@[BMIM]PFs and eluted with thiourea was
established (Long et al. 2015, Zhu et al. 2018a, Deng et al.
2019, Zhang et al. 2019c). This method has been
successfully applied to the determination of Au in real water
samples (Hu et al. 2019, Wu et al. 2019, Zhu et al. 2019b,
2020a).

2. Experimental
2.1 Reagents

All reagents were of analytical grade or higher in purity
and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), unless otherwise specified. Milli-Q
water (Millipore, Bedford, MA, USA) was used throughout
the study. Britton-Robinson (B-R) buffer solutions were
prepared by blending the mixed acid (0.04 mol/LH3PQ4,
HAc and H3BO3) with 0.2 mol/L NaOH in proportion. PQ
was obtained from the Chinese National Institute for the
Control of Pharmaceutical and Biological Products
(Beijing, China) without further treatment (Tsai et al. 2019,
Zhu et al. 20193, Jia et al. 2021). N-methylimidazole (Darui
Fine Chemicals, Shanghai, China), N-butyl bromide, 1-Bro-
mohexane, 1-Bromooctane, tetraethyl orthosilicate (TEOS),
KPFg, FeCls, (NH4)2Fe(SO4)2, ethanol, acetone, methylene
chloride (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) (Zuo et al. 2015, Zhong et al. 2020).

2.2 Apparatus

All pH values were measured by a PHS-25B pH meter
(Shanghai Precision & Scientific Instrument Co., Ltd.,
Shanghai, China) (Zuo et al. 2017, Feng et al. 2020b, Yu et
al. 2020b). FT-IR spectra were measured with a Bruker
Tensor 27 spectrometer (Bruker company, Germany).

Samples were pressed into KBr pellets and recorded at the
frequencies from 4000 to 400 cm™ with resolution of 4
cm™ (Afrazi and Dehghani 2014, Afrazi and Rouhanifar
2019, Afrazi et al. 2017, 2018a, b, Afrazi et al. 2019,
Majedi et al. 2020a, b, Rouhanifar et al. 2020). The trace
elements analysis was performed by Inductively coupled
plasma mass spectrometer ICP-MS M90 (Bruker Company,
Germany). The pH value was adjusted by a PHS-25B pH
meter (Shanghai Precision & Scientific Instrument Co.,
Ltd., Shanghai, China). X-ray direction (XRD) pattern was
collected by a X’Pert Pro diractometer (PANalytical,
Netherlands) (Feng et al. 2020a, Tian et al. 2020).
Magnetization measurement was studied by an MPMS-7
vibrating sample magnetometer (VSM) (Quantum Design,
USA) (Liu et al. 2015, Lu et al. 2020).

2.3 Preparation of
MNPs

COF9204@Si02@ [BM | M]PFG

Cobalt Ferrite Nanoparticles (CoFe;Os NPs) were
prepared by the conventional hydrothermal method (Rahimi
et al. 2018). First, Co(NOs3),-6H,0 (2.27 g) was dissolved
in ethylene glycol (250 mL) followed by addition of
Fe(NOs3)3-9H20 (6.30 g) and of anhydrous sodium acetate
(11.25 g) under stirring (Liu et al. 2017, Huang et al. 2020).
Then polyethylene glycol (6.250 g) was added rapidly
under vigorous stirring (Wu et al. 2020). The resultant
solution was stirred (1000 r-min~t 1) at 50°C for 30 min,
and then the suspension was transferred to a reaction kettle,
and reacted at 200°C for more than 16 h. After cooling to
room temperature, the obtained CoFe,O, precipitate was
centrifuged for 10 min at 10000 r-min~t and then the
precipitate was collected and washed with deionized water
and ethanol for more than 3 times, and subsequently the
CoFe;04 NPs was dried at 60°C for 6 h in vacuum, and then
transferred to a muffle (Xu et al. 2020c). The black
precipitate was calcined at 500°C for 10 min and then
ground stored (Singh et al. 2011, Han et al. 2020, Yang et
al. 2020c). CoFe;O4@SiO, core-shell particles was
prepared according to a modified Stober method (Stdber et
al. 1968, Lu et al. 2008). CoFe;Os NPs (0.100 g) were
dissolved in 120 mL ethanol and 30 mL deionized water by
sonication for 30 min, and then 10 mL ammonium
hydroxide, 1 g CTAB dispersant and 1.00 mL TEOS were
added sequentially (Qian et al. 2020b). The mixture was
reacted for 12 h at 40°C under a continuous stirring (Qian et
al. 2020a). The resultant product was collected by an
external magnetic field, and rinsed with deionized water
and ethanol for six times thoroughly, and dried in vacuum
to obtain CoFe;O4@SiO, NPs. The preparation of
hydrophobic ionic liquid (ILs) 1-butyl-3-methylimidazole
hexafluorophosphate ([BMIM]PFg) was prepared using the
following methods (Fang et al. 2008, Chen et al. 2015). A
250 mL three-necked flask containing an equimolar amount
(0.05 mol) of 1-bromobutane (or 1-bromo-n-hexane), N-
methylimidazole and KPFes was stirred and refluxed in a
water bath at 80°C. Condensation for 3.5 h. After cooling to
room temperature, 10 mL of deionized water was added and
the mixture was separated into an upper aqueous phase and
a lower [C4MIM][PF¢] ionic liquid phase (Zhang et al.



lonic liquid coated magnetic core/shell CoFe204@SiO2 nanoparticles for the separation/analysis of trace gold in...

Rense

'a' MNPs

® —_—
e S
Water sample v\l'r\'lpll\»!l : § ‘p.u.lln.m
o PO
H . A,
a5 | S s
: g -
Decantion \ Stumg Separation, \
\ > - ~ H)
\Vi Desorption LIPS \ o

E .3 ,,—..

Analysie

Fig. 1 Schematic of MSPE procedure for detecting gold
(111) content using CoFe204@SiO.@[BMIM]PFs

2020e, f). The ionic liquid phase was washed with a certain
amount of deionized water until Br-complete removal
(checking whether Br- remained with AgNO3 solution) and
washing with diethyl ether (15 mLx3). Finally, it was
vacuum dried at 120°C for 2 h to obtain a pale yellow oily
room temperature ionic liquid [CsMIM][PFes] (Hu et al.
2020). ILs functionalized CoFe,04@SiO.@[BMIM]PFs
(CSIL MNPs) were synthesized following a procedure
described the literature (Dang et al. 2012). 0.400 g [BMIM]
PFs was dissolved in 60.0 mL acetonitrile, and then 0.300 g
CoFe0,@SiO, nanoparticles were added. Stir the mixture
in the fume hood until the acetonitrile completely
evaporated (Zuo et al. 2013, Li et al. 2020c). The obtained
CSIL MNPs functionalized material was washed with
methylene chloride, and dried at 60°C under vacuum for 12
h. The solid was carefully grinded into powders, which
were CSIL MNPs.

2.4 MSPE procedure

The general extraction procedure is illustrated in Fig. 1.
A 2.00 ml of 10 ug-g* gold (1) standard solution or
aqueous sample solution, 0.50 ml 0.2 mol-L™* potassium
iodide solution, 2.0 ml of BR buffer (pH=4.00) solution and
0.01 g of CSIL MNPs were sequentially added to a
centrifuge tube, and the solution in the tube was
subsequently shaken in the constant temperature shaking
table for 3 min at room temperature. Then the CSIL MNPs
with adsorbed target gold (111) was gathered and kept static
for 0.5 min with an externally applied Nd-Fe-B permanent
magnet. Once the suspension became limpid, the
supernatant was pipetted out. The isolated CSIL MNPs
were eluted with 3.0 mL 1.5% thiourea+1 M hydrochloric
acid to elute the preconcentrated target analytes for 20 min.
The eluted solution was collected and made up to volume,
and the target analyte was detected by ICP-MS. The whole
time of the process was about 30 min. The general
extraction procedure is illustrated in Fig. 1.

2.5 Sample preparation

Water sample was collected from several reservoirs and
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Fig. 2 SEM micrographs of (a) CoFe;0s, (b) CoFe;04
@Si0; and (c) CoFe;0, @SiO.@[BMIM]PFg
(Wang et al. 2019)

springs in Lianyungang city, China. A 50.0 mL of lake
water sample was filtered through 0.45 um membrane to
remove suspended particles before analysis. The samples
were stored at —4°C in a refrigerator. The residual gold (III)
content in the supernatants was determined by measuring
signal value of 1%5Au by ICP-MS.

2.6 Characterization of the MNPs

The crystal structure of the MNPs sample was carried
out on a Rigaku X-ray diffractometer (XRD) with Cu K
radiation in the range of 20 to 80° and a scanning speed of
10°min. The TEM image was obtained from HITACHI
7000FA with an accelerating voltage of 100 kV. The surface
morphology of CSIL MNPs was examined by SEM (JEOL,
6300 LA). The composition was examined by energy
dispersive spectroscopy (EDS) in FE-SEM. UV-visible
absorption (UV-2450, SHIMADZU) was recorded using a
spectrophotometer. The magnetic properties of the
nanoparticles were determined using a 4HF vibrating
sample magnetometer (VSM). The surface properties and
composition of the particles were investigated by Fourier
transform infrared (FTIR) spectroscopy (Thermo Nicolet,
Nexus FTIR spectrometer, KBr pellets, in the range of 400-
4000 cm™). Samples were evaluated by Raman
spectroscopy in the range of 200-3500 cm™ using a 514.5
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Fig. 3 TEM micrographs of (a) CoFe;0s, (b) CoFe,O4 @SiO- and (c) CoFe;0.@Si0,@[BMIM]PFs (Wang et al. 2018b).
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Fig. 4 Elemental analysis of NPs by energy dispersive X-ray (EDX) analysis. (a) CoFe;0a, (b) CoFe;Os@SiO-,
(c) CoFe;04 @SiO.@[BMIM]PFg nanoparticles (Zhang et al. 2020d)

nm line from a hydrogen ion laser. The hydrodynamic
diameter and zeta potential were measured by a Zetasizer
(Malvern 3000 HSA). The TG-DTA measurement was
carried out on a Netzsch heat balance STA 409 PC / PG
type, heated to 900°C at room temperature, and raised at a
rate of 10°C/min in an air atmosphere. Specific surface area
measurement using N adsorption using an analyzer, X-ray
photoelectron  spectroscopy (XPS), nuclear magnetic
resonance (NMR).

3. Results and discussion
3.1 Preparation and characterization of the MNPs
Preparing of CoFe;O4 nanoparticles was carried out by
the one-step hydrothermal method in an aqueous
medium.So the reaction was carried out as in the equations

below (Sun et al. 2020b)

2Fe® + Co?* = Fe,Co (OH)s 1)

F82CO(OH)3 - CoFe,04 + 4H,0 (2)

Cobalt iron oxide nanoparticles surface modified by the
process Silanization. This reaction involves the covering of
a surface cobalt iron oxide nanoparticles through self-
assembly with (3-aminopropyl)- triethoxy silane molecules
(Liu et al. 2019, Wu et al. 2020). During this reaction,
hydroxyl groups on the surface of iron oxide nanoparticles
attack and replace ethoxy groups of APTES, thus is formed
a covalent -Si-O-Si- bond and amino propyl-terminated
surface. The surface coating of nanoparticles by APTES
depends on experimental parameters like silane
concentration, temperature and reaction time (Ju et al. 2020,
Liu et al. 2020a, Wei et al. 2020).

3.1.1 SEM and TEM analysis

The SEM and TEM images of CoFe;04, CoFe,04@Si0;
and CoFe,0.@SiO,@[BMIM]PFs are shown in Figs. 2 and
3, separately (Jia et al. 2020b).

As shown in Fig. 2, the improved hydrothermal
synthesis of CoFe,O4 NPS particles has a typical spherical
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Fig. 5 XRD spectra of (a) CoFe;0s4, (b) CoFe:04@SiO-,
(c) CoFe0,@SiO,@[BMIM]PFs (Zhang et al.
2020a)

structure with a nano-scale material size between 50 and 60
nm, while CoFe.0,@SiO, displays a relatively compact
structure with a bigger nano-scale size between 100 and 200
nm. Moreover, CoFe;0.@SiO,@[BMIM]PFs MNPs shows
dense and homogeneous morphology and no obvious
interface is observed, revealing the good compatibility
between CoFe;0,@SiO, and [BMIM]PFs ionic liquid,
which is beneficial for improving the adsorption
performance of CSIL composites (Chen et al. 2010, Wang
et al. 2020f). The typical core-shell structure of the silica
gel nanoparticles can be seen by transmission electron
microscopy and the boundary between the particles
becomes unclear after the ionic liquid is loaded (Abedini et
al. 2020b, Zhang et al. 2020b).

3.1.2 EDX analysis

The elemental composition of the CoFe;04, CoFe;04
@SiO; and CoFe20,@SiO.@[BMIM]PFs nanoparticles
were estimated by using an EDX detector and the results
were shown in Figs. 4(a)-(c). The energy spectrum results
show that Fig. 4(a) contains three elements Co, Fe, O with a
Co/Fe ratio of 1:2, Fig. 4(b) contains Co, Fe, O, Si and the
Si content reaches 20%, and Fig. 4(c) contains two other
elements N, F, indicating that [BMIM]PF is successfully
loaded on the CoFe,O.@SiO, nanoparticles (Alam et al.
2020a, Zhu et al. 2020b).

3.1.3 XRD analysis

Phase investigation of the crystallized product was
performed by XRD analysis for the CoFe;Os NPs and
APTES coated nanoparticles as presented in Figs. 5(a)-(c).

XRD results show that a typical CoFe,O. crystal phase
magnetic core (a) is prepared and the CoFe;O4 crystal phase
is a cubic spinel structure (JCPDS card: 22-1086). The
intensity of the crystallization peak of this sample is
relatively weak and wide, indicating crystallinity. Low and
particle size, which may result in low stability of the
resulting material. Panel (b) and (c) shows no significant
SiO, peak in the XRD pattern, indicating that the SiO;
coated on the CoFe;Os4 NPs is amorphous (Alam et al.
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Fig. 6 FTIR spectra of (a) CoFe204, (b) CoFe;04@SiO,
(c) CoFe0,@SiO@[BMIM]PFs (Zhang et al.
2020a)

2020b, Zhang and Mousavi 2020).

3.1.4 Characterization by FTIR

The surface nature of samples was qualitatively assessed
before and after salinization and lonic liquid
functionalization step by using FTIR spectroscopy and the
results were shown in Fig. 6(a)-(c). Fig. 6 was shown the
FTIR spectra of CoFe;04 (curve a), CoFe;O4s@SiO- (curve
b), CoFe,0.@SiO,@ [BMIM] PFg(curve c). Compared the
curves of a and b, a peak of 582 cm™ was assigned to Co—
O-Fe stretching vibration; the strong peaks of 963 cm™and
1084 cm™ correspond to the Si-O-H and Si-O-Si
stretching vibration; which indicated that SiO, had been
successfully loaded on the surface of CoFe;O4. In the curve
¢, the peaks at 2920 cm™ and 2851 cm™ corresponded to
the C—H stretching vibration, the peaks at 3442 cm™ and
1632 cm™ corresponded to the O—H stretching vibration
and the bending vibration of water molecules, the peaks at
1575 cm™ corresponded to the characteristic absorption of
imid-azole groups in the CoFe,O4@SiO,@BMIM]PFg; in
addition, the peak of 804 cm™ was attributed to the P-F
stretching vibration in the CoFe;O,@SiO,@[BMIM]PFs,
which indicated that the [BMIM]PFs ion liquids had been
successfully immobilized on the surface of CoFe,04@SiO;.

3.1.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) revealed the weight
loss process of the materials, which indicated the difference
between the CoFe,04@SiO, and CoFe,04@SiO.@
[BMIM]PFs. In this paper, TGA was conducted in a
nitrogen atmosphere, and the heating rate employed was
10°C -min7%, all cases from 35 to 880°C (Fig. 7). The
experimental results could be concluded that (1) After
heating from 120°C to 260°C, the mass loss of CoFe;Qa,
CoFe,04@-SiO, and CoFe,0.@Si0,@[BMIM]PFs was
about 0.64%, 10.84%, 8.21%, respectively, corresponding
to the water content; (2) For the CoFe;0.@SiO;
@[BMIM]PFg, an additional weight loss of 23.28% was
observed with respect to the mass loss of CoFe,04@SiO; of
9.91% after heating from 260°C to 350°C due to
decomposition of [BMIM]PFs. This observation suggested
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Fig. 7 TGA spectra of (a) CoFe;04, (b) CoFe,04@SiOs,
(c) CoFe;04@SiO,@[BMIM]PFg

Table 1 Magnetic property analysis of the MNPs and the
high-magnetic field part of the M(H) curves
obtained by VSM measurements

MNPs Ms (emug) Mr (emu/g) H/Oe

CoFe204 28.68 28.24 780
CoFe204@SiO2 21.12 21.10 4000
CoFe204@SiO2@[BMIM]PFs 17.90 17.7 1200

that the ion liquids [BMIM] PFg had been located on the
surface of CoFe;0.@SiOs.

3.1.6 Magnetic characterization

Using a magnetometer at 27°C indicated that the
maximal saturation magnetizations of CoFe,04, CoFe;04
@SiO, and CoFe;0.@SiO,@[BMIM]PFs MNPs were
28.68, 21.12 and 17.90 emu-g! shown in Table 1,
respectively. The decrease of maximal saturation
magnetizations of CoFe,0.@SiO,@[BMIM]PFs MNPs
resulted from the nonmagnetic SiO; and ion liquids shell
(Alam et al. 2020c, Li et al. 2020a). Fig. 8 described the
magnetic hysteresis loops of the three MNPs, and it was
apparent that all of the NPs show superparamagnetic
properties in the presence of magnetite particles in the core
(Sun et al. 2019a, Zhang and Wang 2019b).

The saturation magnetization of 16.3 emug™ was
sufficient for magnetic separation with a magnet, though the
saturation magnetization of CoFe,O. decreased after
coating SiO; and [BMIM]PFs (Wang et al. 2011, Zhang et
al. 2019a). Therefore, the CoFe,04@SiO.@[BMIM]PFs
MNPs prepared here could be rapidly separated from
solution with a magnet on account of their
superparamagnetic and large saturation magnetization, as it
is shown in Fig. 9.

3.2 Optimizations of gold (lll) extraction

To optimize the extraction procedure of gold (1), we
focused on the following factors: pH, the ionic strength,
oscillation time, adsorption temperature, the extraction
time, the amount of CoFe,0,@SiO.@[BMIM]PFs and the

60
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Fig. 8 Magnetization at 10 K as a function of magnetic
field for (a) CoFe204(a), (b) CoFe,0.@SiOy, (c)
CoFe,04@SiO,@[BMIM]PFg, respectively
(Zhang et al. 2019b)

Fig. 9 Attracting magnetite nanoparticles of (a)
CoFe20s, (b) CoFe204 @SiO2 and (c) CoFe204
@SiO.@[BMIM]PFs by a magnet (Zhang et al.
2019c)

sample volume (Sun et al. 2018, Gholipour et al. 2020a).

3.2.1 Effect of pH

PH is a crucial factor affecting the extraction efficiency
of gold (). In this work, the effect of pH was investigated
over the range of 4.0 to 9.0. The effect of pH was
investigated by varying the pH values between 1.0 and 9.0
(Fig. 10(a)). The experimental results showed that pH had
significant impact on the adsorption efficiency of Au (I11),
and the optimum value is 4.0. The extraction rate of gold
(1) % increased with the pH and reached plateau between
the pH ranges of 1.0-4.0 while increased with the pH
between the ranges of 4.0-9.0. Therefore, pH 4.0 was
selected for the subsequent assays (Zhu et al. 2018b, Sun et
al. 2019b). The extraction rate of the system decreases
sharply with the increase of pH when the pH of the solution
is greater than 4.0, which is mainly due to the hydrolysis of
[AuCls]™ as the pH of the system increases. In addition,
removal of [AuCls]™ from aqueous solutions is effective due
to the effects of ion-ion interactions ([BMIM]* and [AuCl.]~
interactions) and the hydrogen bonding interactions
(hydrogen bonding between anion and the imidazole ring
C»-H) (Kordestani et al. 20203, b).

3.2.2 Effect of ionic strength
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The effect of ionic strength was evaluated in the
concentration range of 0-25% (w/v) using sodium chloride
as the model electrolyte (Fig. 10(b)). With the increase of
NaCl concentration, the adsorption efficiency of gold (l1)
gradually decreases, which is mainly due to the competitive
adsorption of chloride ions because of increase of NaCl

concentration, which leads to the decrease of adsorption
efficiency. In addition, when the NaCl concentration
exceeds 20%, the viscosity of the sample increases due to
the high ionic strength value, making it difficult to transfer
the analyte from a large amount of sample to the adsorbent
(Chen et al. 2016, Mousavi et al. 2020). Based on this
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Table 2 Comparison of determination methods of trace gold by magnetic solid phase extraction

Element Magnetic core Adsorbent Adsorption capacity(mg-g) Cycles Re.
FesO4 Fe304/Si02-SH 43.7 / [28]
Fe30a4/ SiO2/ ED Fe304/SiO2/ED 142.9 5 [29]
97AU FesOq Fe304/SiO2/cPPYT 845.9 5 [30]
FesO4 Compound/Fez04 47.9 / [31]
FesOq APT/Fe304/PANI / / [32]
FesO4 FesOa4/Resin 5.78 mmol / g 5 [33]
FesO4 Chitosan/Fe304 59.52 / [34]
CoFe204@SiO2 CoFe204@SiO2@[BMIM]PFs 194 8 This work

result, no electrolyte was added during the extraction (Zou
et al. 2019, Abedini et al. 2020c).

3.2.3 Effect of oscillation time

The effect of oscillation time on the extraction rate was
studied (Fig. 10(c)). The results show that after 3 minutes of
shaking, the extraction equilibrium can be reached, and the
extraction rate is greater than 90%. Therefore, the optimal
shaking time is 3 minutes (Wang et al. 2020e, Zheng et al.
2020).

3.2.4 Amount of extractant

In order to understand the influence of
CoFe20,@SiO,@[BMIM]PFs composite material dosage
on the magnetic solid phase extraction process, 1-25mg
CoFe0,@SiO.@[BMIM]PFs composite material was
studied. The results are shown in Fig. 10(d). With the
increase of the amount of extractant, the extraction rate
gradually increased (Chen et al. 2019, Cao 2020, Gholipour
et al. 2020b). When the amount of extraction was 20mg, the
extraction rate reached the maximum (Abedini et al. 2019,
Liu et al. 2020d). After that, if the amount of extractant was
increased, the extraction rate no longer increased.
Therefore, in the magnetic solid phase extraction process,
the most suitable amount of CoFe;Os@SiO,@[BMIM]PFs
composite material is 20 mg.

3.3 Optimization of gold (I1l) elution

The influence of eluent selected, eluent concentration,
eluent volume and elution time on the elution effect was
investigated (Cui et al. 2021, Zhang et al. 2021). The results
showed that 0.5% thiourea + 1 mol-L™* 3ml 20min reached

the best elution, and the elution rate was above 90%.

3.3.1 Eluent selected
As shown in Fig. 11(a), the gold (I11) elution efficiency
of 0.5% thiourea + 1 mol-L™* was increased to 96%.

3.3.2 Effect of eluent concentration

Effect of eluent volume on the elution efficiency of
thiourea was evaluated in the range of 0-3.0%. The
efficiency of thiourea was above 85% from 0.1% to 5.0%,
and reached more than 95% in 0.5%. Therefore, 0.5%
thiourea + 1 mol-L™* hydrochloric acid solution was chosen
as eluent (Fig. 11(b)).

3.3.3 Effect of eluent volume

Effect of eluent volume on the elution efficiency of
thiourea was evaluated in the range of 3.0-8.0 mL
(CoFe 0.@SiO0,@[BMIM]PFs MNPs 0.1 g). The efficiency
of thiourea was above 85% from 1.5 mL to 5.0 mL, and
reached more than 95% in 3.0 mL. The preconcentration
factor was 10-fold (the quotient of volume before
absorption and after elution) (Wang et al. 2020d, Zhang et
al. 2020g). The optimum volume of ethanol was chosen at
3.0 mL as shown in Fig. 11(c).

3.3.4 Effect of elution time

As could been in Fig. 11(d), the elution efficiency was
increased up to 95% after 3 min of stripping time used.
Thereafter, 3 min of elution time was selected for further
studies (Zhang et al. 2019c, Wang et al. 2020c).

3.4 Adsorption capacity
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Table 3 Determination of gold content in various water samples (ug-L™)

Water
sample
source

Waterworks of
West Ganyu city

Waterworks of
Shengli road

Dayang
Zhuang

Siying

Waterworks of
Haizhou

Drainage
of mine plant

Hot spring of

Qiantan Donghai

Position of 119°13'7.477E 119°13'7.47°E 119°13'7.47”E 119°13'7.47°E 119°13'7.93”E 119°13'7.05”E 119°13'7.84”E 119°13'7.84"E
resources 34°36'44.63”N 34°36'44.63”N 34°36'44.63”N 34°36'44.63”N 34°36'45.39”N 34°36'45.77”N 34°36'44.82”N 34°36'44.82”N

Content

~ 0.002 0.003 0.002
(ng'Lh
%RSD 2.15 1.25 3.12
Recovery
rate (%) 108.0-112.3

0.004 0.004 0.318 0.020

1.55 2.56 2.4 15

*Gold Standard Sample for Water Testing BWB2233-2016

Table 4 Recovery rate experiment of gold (111) gold standard sample for water sample testing (n = 3)

Element Source of water sample Background value/pug  Scalar addition/pg  Recovery value/pg Recovery rate/%
Qiantan 1.416 0.300 1.744 109.3
w21y Waterworks of Maokou 1.996 0.300 2.312 105.3
Waterworks of Haizhou 2.017 0.300 2.341 108.0
Waterworks of West Ganyu city 1.686 0.300 2.023 112.3

Adsorption capacity is defined as the maximum amount
of gold (Ill) adsorbed per gram of CoFe;O4@SiO.@
[BMIM]PFs. In this work the adsorption capacity of gold
(1) for CoFe0.@SiO.@[BMIM]PFs was studied through
changing gold (1) concentration in aqueous samples before
MSPE procedure (Yang et al. 2015, Zhang et al. 2020f).
When the concentration of gold (III) was 10.0 pg-mL 2, the
adsorption of gold (ll1) reached the maximum. The
adsorption capacity for CoFe,0,@SiO.@[BMIM]PFs was
calculated as 194 mg-gt, which showed the better
adsorption capacity of CoFe;0,@SiO.@[BMIM]PFs for
gold (111) as shown in Fig. 12(a). (Tu et al. 2011, Marwani
et al. 2012, Behbahani et al. 2013, 2014, Chen et al. 2015,
Ghorbani-Kalhor et al. 2015, Awual 2016, Hyder et al.
2018).

3.5 Reusability of the CoFe,0,@SiO, MNPs

In order to investigate the recycling of the
CoFe04@SiO, MNPs, they were washed with 3 mL 0.5%
thiourea for twice after each MSPE run, and subsequently
assembled with [BMIM] PFs ionic liquid. Each prepared
adsorbent was used for MSPE (Wang et al. 2020a, b). The
experimental results were shown in Fig. 12(b). It was clear
that no obvious loss of the sorption capacity occurred after
8 times of recycling. These results indicated that the self-
assembly did not influence the stability of the
CoFe0,@SiO, MNPs for reusability (Wang et al. 2020a,
Xu et al. 2020a).

3.6 Comparison of method

This magnetic solid phase extraction-ICP-MS method
for the determination of trace gold was compared with other
magnetic solid phase extraction methods for the
determination of gold as below in Table 2.

3.7 Sample determination

CoFe0,@SiO.@[BMIM]PFs MNPs were successfully
prepared and applied as magnetic adsorbents to
preconcentrate and separate gold (I11) in water sample. The
prepared MNPs have an extraction capacity of 194 mg-g?,
a detection limit of 0.002 pg-L 2, and a linear range of 0.01
to 1000 pg-L %, which can be reused more than 8 times. The
content of gold in water sample was determined by this
MSPE combined with ICP-MS (Yang et al. 2020a, Yu et al.
2020a) method. The results of the analyzed -certified
reference materials are within the allowable error range of
the standard values (RSD % < 5%). The gold content in
water samples from seven drinking water sources in
Lianyungang was analyzed and the contents was varying
between 0.002 and 0.3 pg-L™Y(Table 3.).

3.8 Recovery rate experiment

10 pg-L*gold (I11) standard solution was used as the
standard solution, 0.1, 1, 10 pg-L* standard solution was
added. The results are shown in Table 4.

Recovery rate of gold (I11) content in different samples
was between 96.0% and 112.3%, which was in accordance
with GB/T23942-2009.

3.9 Preliminary study on adsorption mechanism

3.9.1 Adsorption kinetics experiment

The Kkinetic experiments of CoFe;0.@SiO.@
[BMIM]PFs on gold (Ill)show that the adsorption is a
pseudo-second-order kinetic model, which shows that the
adsorption is multi-layer adsorption, mainly chemical
adsorption, and the adsorption process is exothermic and
spontaneous (Jia et al. 2020a, Zhang et al. 2020Kk).
Langmuir model is more suitable to describe the adsorption
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behavior of adsorbent in this work, which belongs to multi-
layer adsorption. This is consistent with Bet's experiment
(Abedini et al. 2020a, Sun et al. 2020a).

3.9.2 Adsorption morphology of gold (1)

The adsorption morphology of gold (I1l) during the
adsorption process was investigated by [AuCl4] absorption
spectra (Fig. 13). The curves a, b, c, d are the adsorption
spectra of [AuCls]™ system before adsorption, adsorption
phase after adsorption, adsorbed phase and blank control
respectively. It can be seen from Fig. 13 that the ionic liquid
[BMIM]PF¢ has no characteristic absorption peak at 315nm,
while [AuCl,] has characteristic absorption peak at 315nm
before adsorption. The adsorption phase retained the
characteristic absorption of [AuCl.]~, indicating that gold
(1) was adsorbed into [BMIM]PFs ionic liquid phase in
form of [AuClj]". It is described that the preparation
process of the new nano-materials and the process of
adsorbing trace gold in Fig. 14.

4. Conclusions

A new magnetic nano adsorbent CoFe,0,@SiO,@
[BMIM]PFs was prepared. It was confirmed by SEM, TEM,
EDS, XRD, FTIR, TGA and VSM methods that the ionic
liquid CsMIM [PFg] was self-assembled into
CoFe20,@Si0;. The tested element gold (I11) was rapidly
adsorbed on the composite nano adsorbent of
CoFe0,@SiO.@[BMIM] PFg and eluted with thiourea.
The kinetic experiments shows that the adsorption is a
pseudo-second-order kinetic model. Langmuir model is
more suitable to describe the adsorption behavior of
adsorbent in this work, which belongs to multi-layer
adsorption. This method has been successfully applied to
the determination of gold in water samples.
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