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A B S T R A C T   

Mercapto- and amino-functionalized magnetic nanoparticles, Fe3O4@SiO2@MPTMS (SMNPs-MPTMS) and 
Fe3O4@SiO2@APTES (SMNPs-APTES), have been applied as magnetic solid-phase extraction (MSPE) sorbents to 
directly extract arsenite (As(III)) and arsenate (As(V)) respectively, followed by inductively coupled plasma-mass 
spectrometry (ICP-MS) detection. Various MSPE parameters were optimized including dose of magnetic adsor
bent, pH of sample solution, loading and elution conditions of analytes, adsorption capacity and reusability of 
SMNPs-MPTMS and SMNPs-APTES for As(III) and As(V) respectively. Under the optimized MSPE conditions, this 
combined scheme possesses excellent selectivity and strong anti-interference ability without any oxidation or 
reduction prior to capture of these two species. It is found that with a 25-fold enrichment factor, the limits of 
detection of As(III) and As(V) were 23.5 and 10.5 ng L− 1, respectively. To verify the reliability of the proposed 
protocol, a certified reference material of environmental water was analyzed, and the results for inorganic 
arsenic species were in close agreement with the certified values. The applicability of the combination strategy 
for speciation analysis of inorganic arsenic was evaluated in spiked tap, river, lake and rain water samples. Good 
recoveries of 89%–96% and 90%–102% were achieved for As(III) and As(V), respectively, with the relative 
standard deviation ranges of 3.2%–8.0% and 2.5%–7.6%. Through the characterization of functionalized mag
netic nanoparticles and the optimization of MSPE experiment, it is confirmed that the existence of mercapto and 
amino groups on SMNPs-MPTMS and SMNPs-APTES sorbents are responsible for the extraction of As(III) and As 
(V), respectively, via coordination and electrostatic interactions.   

1. Introduction 

Arsenic (As) is one of the most toxic pollutants found in the envi
ronment. Its contamination of ground and surface water resulted from 
naturally occurring weather conditions, volcanic emissions, geochem
ical reactions and biological activity. In addition, anthropogenic activ
ities such as mining, use of arsenical pesticides, herbicides and wood 
preservatives have significant contribution to pollution of human envi
ronment [1–3]. The arsenic in environmental water has increased at the 
chronic affecting level and about 250 million people have been exposed 
to its toxicity, globally [4,5]. Long term consumption of drinking water 
contaminated with arsenic can be associated with increased risk of 

cancers, diabetes, developmental and reproductive problems and car
diovascular disease. Hereby, to minimize these risks, in 2001 the United 
States Environmental Protection Agency (USEPA) and World Health 
Organization (WHO) have modified the permissible contamination level 
in drinking water from 50 to 10 μg L− 1 [6,7]. The inorganic species of 
arsenic are more toxic than common organic forms like monomethyl 
arsenic and dimethyl arsenic. Moreover, the reduced inorganic arsenic 
species, arsenite or trivalent arsenic (As(III)) is more toxic than the 
oxidized inorganic species, arsenate or pentavalent arsenic (As(V)). 
Therefore, the species separation of As(III) and As(V) and their quanti
tative estimation are of quite importance [8,9]. 

Various analytical techniques have been successfully utilized for 
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direct determination of total metals including arsenic such as graphite 
furnace atomic absorption spectrometry (GF-AAS) [10,11], atomic 
fluorescence spectrometry (AFS) [12], inductively coupled 
plasma-optical emission spectrometry (ICP-OES) [13] and inductively 
coupled plasma-mass spectrometry (ICP-MS) [14,15]. Among them, 
ICP-MS is well known because of its fast multi-element detection capa
bility, wide dynamic range, high sensitivity and reliable results. How
ever, it is hard to discriminate elements in different oxidation or 
combination states. Consequently, before speciation analysis of trace 
element by ICP-MS, pretreatment procedure is frequently requisite for 
selective separation of the target species. 

Generally, the separation of elemental species has been performed 
using different chromatographic techniques such as gas chromatog
raphy (GC) [16–18], high performance liquid chromatography (HPLC) 
[16,19–21] and capillary electrophoresis (CE) [22,23], etc., and 
non-chromatographic techniques including stripping voltammetry 
method [24,25], co-precipitation [26], solvent extraction including 
liquid-liquid extraction, liquid phase microextraction, dispersive 
liquid-liquid microextraction (DLLME), cloud point extraction (CPE) 
[27–30], and solid phase sorbent based extraction including solid-phase 
extraction (SPE), dispersive solid-phase extraction (DSPE), solid-phase 
microextration (SPME), in-tube solid-phase microextration (In-tube 
SPME) or capillary microextraction (CME), etc. [31–37]. Among the 
above mentioned separation techniques, solid phase sorbent based 
extraction exhibited good characteristics for speciation analysis due to 
strong separation capability, minimum solvent and sample consump
tion, simple operation, flexible functionalization, low cost and high 
enrichment factor. 

As a modern SPE model, magnetic solid phase extraction (MSPE) has 
been a useful technique due to no requirement of centrifugation or 
filtration by employing magnetic nanoparticles (MNPs) as a sorbent. 
MNPs have chemically configurable surfaces for different functionali
zation, which could be directly applied in sample solution for analyte 
separation through an external magnetic field even just a magnet. MSPE 
operation is quite simple and time saving in comparison with other SPE 
separation modes. On the other hand, MSPE is cost effective, fast, easy to 
handle and efficient in comparison with chromatographic operation. A 
variety of functionalized MNPs have been extensively developed for 
elemental speciation by MSPE mode [38,39]. Because mercapto and 
amino groups can selectively interact to As(III) and As(V) respectively, 
mercapto- and amino-functionalized materials have been frequently 
developed for separation of inorganic arsenic species. 

Hu research group developed a nanocomposite comprising silica- 
coated magnetic nanoparticles (SMNPs) modified with 3-mercaptopro
pyltrimethoxysilane (MPTMS) (Fe3O4@SiO2@MPTMS, or SMNPs- 
MPTMS) as MSPE adsorbent of Cd, Cu, Hg and Pb in environmental 
and biological samples followed by ICP-MS detection [40]. Then they 
applied the Fe3O4@SiO2@MPTMS to chip based magnetic solid-phase 
microextraction (MSPME) in combination with electrothermal 
vaporization-ICP-MS (ETV-ICP-MS) to determine Cd, Hg and Pb in cells 
[41]. Yan research group synthesized another mercapto–containing 
functional monomer 3-mercaptopropyltriethoxysilane (MPTES) func
tionalized SMNPs (Fe3O4@SiO2@MPTES, or SMNPs-MPTES) in a 
knotted reactor (KR) for displacement solid-phase extraction of noble 
metals (Ru, Rh, Pd, Pt, Ir and Au) in rock and human hair samples 
coupled with ICP-MS detection [42]. At the same time, 
mercapto-functionalized magnetic material was also employed for 
elemental speciation. Hu research group used Fe3O4@SiO2@MPTMS for 
speciation analysis of Te(IV) and Te(VI) in seawater samples [43] and 
then for speciation analysis of Hg(I) and total Hg in environmental water 
and human hair by MSPE-ICP-MS [44]. Furthermore, they applied 
Fe3O4@SiO2@MPTMS for speciation analysis of Hg(I), CH3Hg(I), EtHg 
(I) and PhHg(I) in cells through online chip based 
MSPME-microHPLC-ICP-MS [45]. Although used for separation of some 
metals as well as their species, these two mercapto-functionalized 
magnetic materials have not been used for arsenic speciation yet. On 

the other hand, Hu research group proposed online chip-based array 
MSPME using an absorbent comprising SMNPs modified with 3-amino
propyltriethoxysilane (APTES) (Fe3O4@SiO2@APTES, or 
SMNPs-APTES) for subsequent ICP-MS detection of Cu, Zn, Cd, Hg, Pb 
and Bi in cells [46]. As for elemental speciation, Yan research group 
developed an online KR SPE-ICP-MS approach using Fe3O4@
SiO2@APTES as adsorbent for analysis of Cr(III) and Cr(VI) in drinking 
water [47]. Huang et al. synthesized another amino–containing 
3-(2-aminoethylamino)propyltrimethoxysilane (AEAPTMS) functional
ized SMNPs (Fe3O4@SiO2@AEAPTMS, or SMNPs-AEAPTMS) as MSPE 
sorbent for speciation analysis of As(V) in environmental water prior to 
ICP-MS. However, as the amino groups of Fe3O4@SiO2@AEAPTMS can 
only adsorb As(V), an additional oxidation step was required for As(III) 
to As(V) for adsorption, which needed a bit tedious procedure and 
inevitably let to analytical error [48]. 

Combination of different functional materials selectively adsorbing 
individual elemental species is one of the effective strategies for speci
ation analysis. Hu research group developed two silica monolithic 
capillary columns modified with MPTMS and AEAPTMS respectively, 
for sequential speciation analysis of As(III)/Se(IV) and As(V)/Se(VI) in 
natural water with CME-ICP-MS [49], and for the speciation analysis of 
arsenic in human hair extracts with ETV-ICP-MS [50]. In above 
dual-column CME processes, no oxidation or reduction was necessary 
prior to species separation. However, due to the limitation of capillary 
monolithic columns such as in-situ reaction within a narrow in-tube 
space, it has to take lots of time and efforts to optimize the synthesis 
conditions for the columns [36,51]. In addition, in-tube SPME or CME 
operation needs somewhat more complex devices and more 
time-consuming procedures in comparison with MSPE. Therefore, it is of 
significance to consider novel dual MSPE approaches based on mer
capto- and amino-functionalized adsorbents for separation of As(III) and 
As(V) without additional step of oxidation or reduction. Herein, MPTMS 
and APTES functionalized SMNPs, SMNPs-MPTMS and SMNPs-APTES, 
were combined for the respective MSPE of As(III) and As(V) in drink
ing and environmental waters before ICP-MS detection for convenient, 
non-invasive and accurate speciation analysis. 

2. Materials and methods 

2.1. Reagents and materials 

Analytical grade chemicals were used throughout experiments unless 
stated otherwise. Tetraethylorthosilicate (TEOS) was purchased from 
Alfa Aesar (Tianjin, China), and 3-mercaptopropyltrimethoxysilane 
(MPTMS) and 3-aminopropyltriethoxysilane (APTES) from J&K 
(Shanghai, China). Ethylene glycol (EG), ferric trichloride (FeCl3⋅6H2O) 
and ethanol were purchased from Nanjing Chemical Reagent Company 
(Nanjing, China), and anhydrous sodium acetate (C2H3NaO2) and 
ammonia solution (NH3⋅H2O, 28% v/v) from Shanghai Lingfeng 
Chemical Reagent (Shanghai, China). Nitric acid (HNO3) was purchased 
from Merck (Zurich, Switzerland), and thiourea from Nanjing WanQing 
Chemical Glassware & Instrument Co. Ltd. 

Ultra-pure water obtained from a Milli-Q water system (Millipore, 
Bedford, USA, 18.2 MΩ cm) was used throughout in all experiments. As 
(III) and As(V) stock standard solutions (1000.0 mg L− 1) were prepared 
by respectively dissolving appropriate amounts of Na3AsO3 and As2O5 
(Johnson Matthey, UK) in water. The lower concentration standard so
lutions were prepared on regular basis by proper dilutions from their 
stock solutions and stored in 4 ◦C refrigerator. Dilute nitric acid (HNO3, 
1%) was used to soak plastic and glassware. 

The certified reference material (CRM) GBW08605 (Standard envi
ronmental water sample) was provided by the National Research Center 
for Certified Reference Materials (Beijing, China). Tap water was taken 
from the local supply system in our Xianlin campus of Nanjing Univer
sity in Qixia District, Nanjing, China. Yangtze River water was collected 
from the Nanjing area of Yangtze River in Gulou District, Nanjing, 
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China. Lake water was collected from Yangshan Lake in Qixia District, 
Nanjing, China. Rain water was collected in the Xianlin campus of 
Nanjing University. All water samples were filtered through a 0.45 μm 
cellulose acetate membrane and then stored at 4 ◦C before analysis. 

2.2. Apparatus 

Scanning electron microscopy (SEM) images of magnetic nano
particles were taken by a JSM-7800F SEM electron microscope (JEOL, 
Tokyo, Japan), and energy dispersive X-ray spectroscopy (EDX) and 
elemental mapping were performed on a X-Max N 20 Oxford in
struments (High Wycombe, UK) connected to the JSM-7800F SEM. 
Transmission electron microscopy (TEM) images were taken by a JEOL 
JEM-200CX TEM electron microscope (Tokyo, Japan) controlled at 200 
kV. The material surfaces were further analyzed through a Thermo 
Scientific K-Alpha X-ray photoelectron spectrometer (XPS) system 
(Waltham, MA, USA) with the monochromatic AlKα X-ray at 1486.6 eV, 
12 KV and 6 mA. Thermogravimetric (TG) curves were recorded on a 
Netzsch STA-499C thermal analyzer (Bavaria, Germany) at a heating 
rate of 10 ◦C min− 1 from 25 to 900 ◦C in nitrogen. Fourier-transform 
infrared (FT-IR) spectra were collected on a Bruker Tensor 27 infrared 
spectrometer (Ettlingen, Germany) using KBr pellet technique in range 
450–4000 cm− 1. Raman spectra were collected on a WITec alpha300 R 
confocal Raman microscopy (Ulm, Germany). The X-ray diffraction 
(XRD) patterns were examined by a Bruker D8 Advance X-ray powder 
diffractometer (Karlsruhe, German) with Cu/Kα-strokes operation at 40 
kV and 40 mA with the 2θ angles of 5-80◦ at room temperature. The 
vibrating sample magnetometry (VSM) analysis was carried out by using 
a Quantum Design superconducting quantum interference device 
(SQUID) magnetometer (San Diego, CA, USA) at room temperature. The 
zeta potentials were measured on a Malvern Zetasizer Nano Z ZEN 2600 
zeta potential analyzer (Malvern, UK). The pH of solutions was 
controlled by a Mettler-Toledo Five Easy Plus pH meter (Shanghai, 
China). The concentrations of As(III) and As(V) ions were determined by 
a PerkinElmer SCIEX NEXION 350D ICP-MS (Concord, Canada) under 

optimized operational parameters shown in Table S1. 

2.3. Synthesis of magnetic nanomaterials 

The synthesis process of Fe3O4 MNPs is described in Supplementary 
Material. The synthesis route from the Fe3O4 to SMNPs, and then to 
SMNPs-MPTMS and SMNPs-APTES is illustrated in Fig. S1, with the 
appearance photos of final products (Fig. S2). 

2.4. Procedure of speciation analysis 

General MSPE operation for enrichment of inorganic arsenic is pre
sented in Fig. 1. The details are given as follows: two aliquots of aqueous 
sample solutions containing As(III) and As(V) ions were prepared in 50 
mL and the pH of sample solutions was adjusted to 7.5 by using 0.1 M 
HNO3 or 0.1 M NH3⋅H2O. An amount of 10 mg of adsorption materials, i. 
e. SMNPs-MPTMS and SMNPs-APTES, were respectively dispersed in the 
sample solutions. The solutions were shaken for 40 min to reach 
adsorption equilibrium. Then the inorganic arsenic loaded adsorbents 
were separated by a magnet. 

As(III) was eluted from SMNPs-MPTMS by using 2 mL of 3% (v/v) 
HNO3 with 3% (m/v) thiourea under 5 min stirring, and similarly, As(V) 
was eluted from SMNPs-APTES by using 2 mL of 3% (v/v) HNO3. 
Finally, the respective supernatants were separated magnetically and 
analyzed by ICP-MS to find out exact concentration of As(III) or As(V) 
ion. 

3. Results and discussion 

3.1. Characterization of synthesized magnetic nanomaterials 

SEM and TEM were used to investigate the size and morphology of 
magnetic nanoparticles. Fe3O4 MNPs and SMNPs were in a quasi- 
spherical shape with average diameters of 200 and 270 nm, respec
tively, as can be seen from the SEM images in Fig. S3 (A,C). Whereas the 

Fig. 1. Schematic diagram for speciation analysis of As(III) or As(V) by MSPE-ICP-MS.  
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average diameters of SMNPs-MPTMS and SMNPs-APTES were found 
315 and 325 nm, respectively, as shown in Fig. S4 (A,C). EDX analysis 
indicated the chemical composition with respect to each material by 
showing the presence of Fe, O, C, Si, N and/or S as given in Fig. S5, 
which implied the grafting of TEOS, MPTMS and APTES on Fe3O4 MNPs. 
Elemental mapping also visualized the existence of Fe, O, Si, C, S and Fe, 
O, Si, C, N in the final SMNPs-MPTMS and SMNPs-APTES, respectively, 
as shown in Fig. S6. TEM images further confirmed that MNPs and 
SMNPs were monodispersed with quasi-spherical shape with average 
diameters of 200 and 273 nm, respectively, as shown in Fig. S3 (B,D), 
and that SMNPs-MPTMS and SMNPs-APTES possessed spherical rough 
surfaces with average diameters of 320 and 315 nm, respectively, as 
shown in Fig. S4 (B,D). 

Surface charges measured as zeta potential at different pH are pre
sented in Fig. S7, demonstrating the surface modification of the mag
netic nanoparticles. The isoelectric point (IEP) of MNPs was found at pH 
6.5, close to previous report at pH around 6.3 [52]. The SMNPs showed 
the IEP at pH 2.0, which is in accordance with literature value at pH 2.2 
[53], indicating that the MNPs core was coated with silica layer. As 
compared to SMNPs, the IEP of SMNPs-MPTMS was found slightly lower 
(pH 1.9), which is quite similar with [54] at pH below 2.0. A much 
higher IEP value of pH 8.3 was observed for SMNPs-APTES, likely due to 
the presence of amino groups on the silica shell which result in the IEP 
from pH 6.8 to near 9.0 depending on the density of amino group [53, 
55]. 

XPS was employed to further testify the decoration of mercapto- and 
amino-functionalization on the synthesized nanoparticles as illustrated 
in Fig. S8. The peaks of S 2p and N 1s respectively appeared in the 
spectra of SMNPs-MPTMS (Fig. S8 (A)) and SMNPs-APTES (Fig. S8 (B)) 
before and after adsorption of As(III) and As(V), indicating the suc
cessful functionalization of both magnetic materials. 

XRD patterns were analyzed for the phase composition and crystal
lite size of Fe3O4 MNPs, SMNPs, SMNPs-MPTMS and SMNPs-APTES as 
shown in Fig. S9. Total six common peaks were observed in all materials 
at angle (2θ) region 30.2◦ (220), 35.6◦ (311), 43.2◦ (400), 53.9◦ (422), 
57.3◦ (511) and 62.9◦ (440), which were in accordance with standard 
XRD data of magnetite (Fe3O4) reference database (JCPDS No. 
19–0629). The results indicated that crystalline state of MNPs was un
changed and confirmed the stability of crystalline even after chemical 
modification reactions during the coating of silica, and then MPTMS or 
APTES. 

Strong magnetism is essential for MSPE separation from solution. 
The hysteresis loops of Fe3O4 MNPs, SMNPs, SMNPs-MPTMS and 
SMNPs-APTES are shown in Fig. S10 with the saturated magnetization 
values found to be 80.54, 54.01, 49.26 and 48.70 emu/g, respectively. 
Although the magnetism of SMNPs-MPTMS and SMNPs-APTES 
decreased in comparison with MNPs owing to the coating of the func
tional groups, yet it is still sufficient for magnetic separation. 

TG analysis was performed to check the presence of silica, as well as 
MPTMS and APTES coated on the surface of Fe3O4 MNPs. The TGA 
curves show the weight loss of MNPs, SMNPs, SMNPs-MPTMS and 
SMNPs-APTES in Fig. S11. The weight drop emerged at around 550 ◦C in 
the curve of MNPs was assigned to the conversion of magnetite (Fe3O4) 
to hematite (α-Fe2O3). The slight weight reduction of SMNPs, SMNPs- 
MPTMS and SMNPs-APTES observed till 200 ◦C was ascribed to the 
evaporation of adsorbed water and some residual organic solvents like 
ethanol on the surface of the magnetic nanoparticles, and the slow 
weight reduction from 200 ◦C to 500 ◦C was due to the escape or 
decomposition of unreacted reactants such as EG and TEOS. For SMNPs- 
MPTMS and SMNPs-APTES, the steeper weight loss took place in this 
duration likely because the decomposition of the coated polymer layers 
as well as unreacted functional polymers. 

FT-IR spectra were used to investigate the functional groups of Fe3O4 
MNPs, SMNPs, SMNPs-MPTMS and SMNPs-APTES (Fig. S12). The peak 
at about 582 cm− 1 observed in all spectra of the four materials was the 
characteristic adsorption of Fe–O in MNPs. The bands at around 1120 

and 784 cm− 1 in the spectra of SMNPs, SMNPs-MPTMS and SMNPs- 
APTES were respectively designated as the asymmetric stretching vi
bration and the symmetric stretching vibration of Si–O–Si bond, con
firming the coating of silica onto the surface of MNPs by hydrolysis of 
TEOS. The bands around 2910–2922 and 2852 cm− 1 in the spectra of 
SMNPs-MPTMS and SMNPs-APTES were attributed to the asymmetric 
and symmetric stretching vibrations of C–H bond, respectively, 
reminding the grafting of saturated carbon hydrogen bond form MPTMS 
and APTES. The IR spectrum of SMNPs-MPTMS indicated the charac
teristic adsorption of symmetric stretching vibration of S–H bond at 
2557 cm− 1, suggesting that mercapto group has been bonded to the 
surface of SMNPs by hydrolysis of MPTMS. The existence of the group 
was further verified by Raman spectroscopy. The characteristic band of 
–SH was distinctly observed at 2557 cm− 1 in Raman spectrum of SMNPs- 
MPTMS (Fig. S13). SMNPs-APTES spectrum shows the emergence of 
adsorption peak at 1441 cm− 1 and increase of adsorption intensity at 
1625 and 3425 cm− 1 compared with SMNPs, respectively corresponding 
to the bending vibration of –NH2, stretching vibration of C–N and 
stretching vibration of N–H, indicating that amino group has been 
bonded to the surface of SMNPs by hydrolysis of APTES. In addition, 
elemental analysis result of SMNPs-APTES (Table S2) shows that the 
content of nitrogen was 2.40%, testifying the presence of amino group. 

3.2. Optimization of MSPE conditions 

3.2.1. Influence of pH on adsorption 
The pH is one of the important factors for the adsorption attitude of 

As(III) and As(V) on SMNPs-MPTMS and SMNPs-APTES. The pH of so
lution specifies the distribution of arsenic and the property of adsorption 
materials. The effects of different pH on adsorption rates of inorganic 
arsenic species were determined from 1.0 to 9.0 using 50 mL of 20 μg L− 1 

of As(III) and As(V) on SMNPs-MPTMS and SMNPs-APTES, respectively. 
After As(III) and As(V) loaded adsorbents were separated with external 
magnet, remaining As(III) and As(V) in respective raffinate solutions 
were determined by ICP-MS. As shown in Fig. 2, As(III) affinity toward 
mercapto group of SMNPs-MPTMS is due to strong chelation, whereas, 
As(V) is not retained. This is because mercapto group shows affinity 
toward lower oxidation states of elements. As shown in Fig. S7, the zeta 
potential of SMNPs-MPTMS decreased slowly from 8.8 mV at pH 1.0 to 
0 at pH 1.9, and then to − 36.6 mV when the pH was changed to 9.0. The 
adsorption rate of As(III) on SMNPs-MPTMS was more than 90% in the 

Fig. 2. Influence of pH on the adsorption rate of As(III) and As(V) (each of 20 
μg L− 1) on SMNPs-MPTMS and SMNPs-APTES. Adsorbent amount: 10 mg; 
Sample volume: 50 mL; Adsorption time: 40 min. Error bar represents the 
standard deviation of triplicate analysis. 
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pH range of 7.0–9.0, however, decreased when pH was from 6.0 to 2.0, 
which is ascribed to the possibility that unstable As(III) is oxidized to As 
(V) and thus lowers the adsorption efficiency. At pH 1.0, interestingly, 
the adsorption rate recovered, presumably due to the synergism of co
ordination between mercapto group of SMNPs-MPTMS and pristine As 
(III) and electrostatic interaction between positive charge of SMNPs- 
MPTMS and anionic As(V) oxidized from As(III). On the other hand, a 
quantitative adsorption (86–95%) of As(V) was observed on SMNPs- 
APTES in pH 3.0–8.0, and however, no adsorption of As(III) happened 
even within the whole pH range tested as shown in Fig. 2. The force of 
attraction between SMNPs-APTES and As(V) could be explained by acid 
dissociation behavior of As(V). The interpretation is assisted by the 
decrease of zeta potential of SMNPs-APTES with increasing pH also 
shown in Fig. S7. The amino groups of APTES were protonated like 
–NH3

+ in the concerning pH range. The high adsorption rate is due to 
strong electrostatic interaction between –NH3

+ and anionic species of As 
(V) (i.e. H2AsO4

− and HAsO4
2− ) in the pH range of 3.0–8.0. Below pH 

3.0 As(V) ions exist mainly as neutral specie, therefore the electrostatic 
interaction between –NH3

+ and As(V) becomes weak although the zeta 
potential of SMNPs-APTES was more positive. When the pH increases 
from 8.0 to 9.0, amino group is deprotonated or neutral as –NH2, and 
then the zeta potential of SMNPs-APTES drops and even reverses from 
9.0 to − 26.6 mV, while As(V) ions still exist anionic, therefore their 
interaction also declines accordingly. According to the dissociation 
ability of As(III), As(III) exists mainly as uncharged species (H3AsO3) in 
the whole studied pH range and does not retain on the surface of SMNPs- 
APTES. Therefore, the pH of sample solution was selected at 7.5 in all 
subsequent experiments. 

3.2.2. Effect of loading condition on adsorption 
Separate amounts of SMNPs-MPTMS and SMNPs-APTES from 2.5 to 

20 mg were used to optimize the adsorbent dose for capture of As(III) 
and As(V). The results are shown in Fig. 3 (A). The quantitative 
adsorption rates of As(III) and As(V) were above 90% for 10 mg of ad
sorbents. Therefore 10 mg of each adsorbent was sufficient for adsorp
tion of As(III) and As(V) in 50 mL solution containing 20 μg L− 1 analyte 
and thus implemented in the subsequent experiments. Adsorption time 
was optimized to calculate the least possible enrichment time for As(III) 
and As(V). The effect of extraction time on As(III) and As(V) adsorption 
were studied in time range of 5–120 min. The results indicated that the 
maximum adsorption was achieved in 40 min for SMNPs-MPTMS and 
SMNPs-APTES as shown in Fig. 3 (B). In subsequent tests 40 min was 
chosen for loading As(III) and As(V) samples solutions. In order to 
evaluate the influence of the sample volume on the adsorption rate, 
different volumes of solutions (5, 10, 20, 30 and 50 mL) were subjected 
under the specified pH and contact time in MSPE method. Fig. 3 (C) 

indicated the adsorption rate of As(III) and As(V) was above 90% as 
volume varied from 5 to 50 mL. A large volume of sample solution is 
preferred to achieve a higher enrichment factor although long time to 
adsorb. Therefore, 50 mL of sample volume solution was chosen for 
further experiments. 

3.2.3. Effect of elution condition on desorption 
Elution condition is not only important for quantitative elution of the 

retained target substrate but also quite essential for subsequent ICP-MS 
detection. It is observed in the pH optimizing experiment that inorganic 
arsenic species are apt to desorb from SMNPs-MPTMS and SMNPs- 
APTES in strong acidic conditions. The elution effect of As(III) from 
SMNPs-MPTMS was studied by using 2 mL 3% HNO3 (v/v) with 
different concentrations of thiourea (1%, 2%, 3% and 4%, m/v) as 
shown in Fig. 4 (A). A quantitative recovery was realized with 3% 
thiourea (m/v) in 3% HNO3 (v/v) solution. Meanwhile, 2 mL of different 
concentration of nitric acid (2.0%, 2.5%, 3.0%, 3.5%, 4.0% and 5.0%, v/ 
v) were used to elute the adsorbed As(V) from SMNPs-APTES as shown 
in Fig. 4 (B). A quantitative recovery (88%) of As(V) was achieved at 3% 
(v/v) HNO3. Higher concentration of HNO3 might cause the bond 
breakage between SMNPs and mercapto group. As a result, the synthe
sized material could no longer be reused. The effect of elution time on 
recovery of As(III) and As(V) was investigated in time period of 1–15 
min. As(V) and As(III) were eluted in 5 min with the recovery of more 
than 90% as shown in Fig. 4 (C). The elution volumes of As(III) and As 
(V) were optimized in the range 1–3 mL as shown in Fig. 4 (D). Quan
titative recovery was achieved once 2 mL eluent was used. Therefore, 2 
mL volume was selected for good recovery of both arsenic species. 

3.2.4. Adsorption capacity and adsorption isotherm model 
To further elucidate the adsorption sites of arsenic species on the 

synthesized materials, XPS characterization results of SMNPs-MPTMS 
and SMNPs-APTES after adsorption of As(III) and As(V) are presented 
respectively in Figs. S14 and S15. Compared to SMNPs-MPTMS, XPS 
spectrum of SMNPs-MPTMS+As(III) shows that the peak of As 3d 
emerged at 45.79 eV (Fig. S14 (A,B)) and the binding energy of S 2p 
increased from 163.59 to 163.80 eV (Fig. S14 (C,D)). Compared to 
SMNPs-APTES, XPS spectrum of SMNPs-APTES+As(V) shows that peak 
of As 3d emerged at 45.08 eV (Fig. S15 (A,B)) and the binding energy of 
N 1s increased from 399.6 to 400.0 eV (Fig. S15 (C,D)). It validates that 
As(III) and As(V) are adsorbed by SMNPs-MPTMS and SMNPs-APTES 
through the interaction to mercapto and amino groups, respectively. 

In order to describe the adsorption process, the adsorption capacities 
of SMNPs-MPTMS and SMNPs-APTES respectively for As(III) and As(V) 
were estimated by static adsorption method. Maximum adsorption ca
pacity (Qmax, mg g− 1) was calculated using Eq. (1). 

Fig. 3. Effect of adsorbent dose (A), adsorption time (B) and solution volume (C) on adsorption rate of As(III) and As(V) on SMNPs-MPTMS and SMNPs-APTES, 
respectively. Solution pH: 7.5, Concentrations of As(III) and As(V): 20 μg L− 1. Other loading conditions: A. adsorbent amount: 2.5–20 mg; adsorption time: 40 
min; solution volume: 50 mL; B. adsorbent amount: 10 mg; adsorption time: 5–120 min, solution volume 50 mL; C. adsorbent amount: 10 mg; solution volume: 5–50 
mL, adsorption time: 40 min. 
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Qmax =(
Ci − Ce

m
)V (1)  

where Ci and Ce are initial and equilibrium concentrations (mg L− 1) of 
As(III) or As(V), V (L) is volume of the solution, and m (g) is the amount 
of the corresponding absorbent. 

An amount of 10 mg SMNPs-MPTMS or SMNPs-APTES was used for 
50 mL solution at pH 7.5 in different initial concentration of As(III) or As 
(V) of 0.5–20 mg L− 1. The contact time was set 40 min for equilibrium 
stage. The equilibrium concentration in the solution was determined by 
ICP-MS. As shown in Fig. 5, the adsorption amount was increased as 
increasing As(III) and As(V) concentration (0.5–15 mg L− 1) with the 
saturation value reached in the range of 15–20 mg L− 1. No further in
crease in adsorption was observed beyond the equilibrium due to un
availability of free sites on adsorbent. The maximum adsorption 
capacities of As(III) and As(V) on SMNPs-MPTMS and SMNPs-APTES 
were deduced as 3.77 and 2.96 mg g− 1 respectively. 

The Langmuir and Freundlich adsorption isotherm models were 
further implemented via the linearized equations, Eq. (2) and Eq. (3), 
respectively, as described below. Langmuir model considers adsorption 
occurring at homogenous sites as monolayer, whereas, Freundlich 
model assumes adsorption at particular heterogeneous sites on 

Fig. 4. Effect of concentration of thiourea on recovery of As(III) from SMNPs-MPTMS (A), effect of concentration of HNO3 on recovery of As(V) from SMNPs-APTES 
(B), and effects of elution time (C) and eluent volume (D) on recovery of As(III) and As(V) from SMNPs-MPTMS and SMNPs-APTES respectively. Adsorbent amount: 
10 mg; Solution pH: 7.5; Concentration of As(III) or As(V): 20 μg L− 1; Solution volume: 50 mL; Adsorption time: 40 min. Elution condition: A. 2 mL 3% (v/v) HNO3 +

thiourea (1%–4%, m/v) eluted for 5 min; B. 2 mL HNO3 (2%–5%, v/v) eluted for 5 min; C. 3% (v/v) HNO3 + 3% (m/v) thiourea and 2 mL 3% (v/v) HNO3 eluted 
respectively for As(III) and As(V) for 1–15 min; D. 3% (v/v) HNO3 + 3% (m/v) thiourea (1–3 mL) and 3% (v/v) HNO3 eluted respectively for As(III) and As(V) for 
5 min. 

Fig. 5. Adsorption isotherms of As(III) and As(V) onto SMNPs-MPTMS and 
SMNPs-APTES, respectively. 
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adsorbent as multi-layers. 

Ce

qe
=

Ce

qmax
+

1
qmax⋅b

(2)  

lnqe =
lnCe

n
+ lnKF (3)  

where, Ce (mg L− 1) is the equilibrium concentrations of As(III) or As(V), 
qe (mg g− 1) is the amounts of As(III) or As(V) adsorbed on SMNPs- 
MPTMS or SMNPs-APTES at equilibrium. qmax and b refer to Langmuir 
constants corresponding to theoretical maximum adsorption capacity 
(mg g− 1) and adsorption energy (L mg− 1), respectively. KF and n refer to 
Freundlich constants corresponding to adsorption capacity (mg g− 1) and 
adsorption intensity, respectively. 

The derived values were applied to Langmuir and Freundlich 
isotherm models that could describe the equilibrium between adsorbed 
As(III) or As(V) (qe) and solution concentration (Ce). The fitting plots 
between Ce/qe vs Ce for As(III) and As(V) are shown in Fig. S16 (A). The 
results indicated that the adsorption of As(III) and As(V) on SMNPs- 
MPTMS and SMNPs-APTES, respectively, fit Langmuir model with 
higher correlation coefficients of 0.9906 and 0.9904. The qmax and b 
were determined from the slope and intercept of linear aggression as 
mentioned in Table S3. The maximum adsorption capacities of As(III) 
and As(V) were found to be 4.28 and 3.38 mg g− 1, respectively. Mean
while, the fitting plots between lnqe vs lnCe for As(III) and As(V) 
respectively are shown in Fig. S16 (B). The results indicate that the 
adsorption of As(III) and As(V) on SMNPs-MPTMS and SMNPs-APTES, 
respectively, fit Freundlich model with lower correlation coefficients 
of 0.9894 and 0.9825. Consequently, the adsorption sites of the adsor
bent towards As(III) and As(V) on the surface of SMNPs-MPTMS and 
SMNPs-APTES undergo chemical adsorption and are effectively 
homogeneous. 

3.2.5. Interference of co-existing ions 
The influence of common coexisting cations and anions on the 

adsorption of As(III) and As(V) was investigated under optimal condi
tions given in above Section 2.4. Each sample solution contained 10 μg 
L− 1 of As(III) and As(V) along with fourteen co-existing ions dissolved 
individually. The adsorption of target analytes were not interfered in the 
presence of 5 mg L− 1 of Na+, K+ and Ca2+, 2 mg L− 1 of Cl− , NO3

− and 
SO4

2− , 1 mg L− 1 of Mg2+, Zn2+, Al3+, Ni2+, Cd2+ and Fe3+, and 0.1 mg 
L− 1 of Cu2+ and Pb2+ as described in Table 1. The tolerance limits of all 
the confronting ions are higher than those of usually seen in tested water 
samples. Hence the suggested method has finally been found as quite 
effective and applicable for real drinking and environmental water 
samples. 

3.2.6. Reusability of MSPE adsorbents 
The reusability of the adsorbent is one of the essential benefits. The 

recoveries of As(III) and As(V) over multiple adsorption-desorption cy
cles were tested under the optimized conditions to check the stability of 
SMNPs-MPTMS and SMNPs-APTES adsorbents in realistic use. No 
apparent decrease in recovery was found after eight successive extrac
tions as shown in Fig. S17, i.e., SMNPs-MPTMS and SMNPs-APTES can 
be reused at least eight times, reflecting good chemical and mechanical 
stability. 

3.3. Analytical applicability 

3.3.1. Analytical performance 
Under the optimized conditions, the analytical performance of the 

proposed MSPE-ICP-MS method with the combination of SMNPs- 
MPTMS and SMNPs-APTES for As(III) and As(V) respectively, was 
studied. The reported linear range was 0.1–50 μg L− 1 with R2 of 0.9908 
and 0.9991 respectively for As(III) and As(V). The limits of detection 
(LODs) of As(III) and As(V) were 23.5 and 10.5 ng L− 1 respectively set as 
three-fold signal-to-noise ratio. The LODs were substantially lower than 
the permissible arsenic level in drinking and environmental waters. In 
addition, the enrichment factor was obtained 25 with a loading sample 
volume 50 mL and eluent volume of 2.0 mL. 

3.3.2. Sample analysis 
The proposed MSPE-ICP-MS approach was applied for speciation of 

As in mixture standard solutions with different concentration ratios of 
As(III) and As(V) and a CRM of environmental water (GBW08605). As 
listed in Table 2, As(III) and As(V) could be selectively extracted by 
SMNPs-MPTMS and SMNPs-APTES under their respective optimal con
ditions. The concentrations of As(III) and As(V) as well as total As (AsT) 
were in good accordance with the standard or certified values. 
Furthermore, tap water, river water, lake water and rain water samples 
were analyzed to ensure the performance of the method in real-world 
drinking and environmental waters. The spikes of all samples showed 
recovery ranges of 89–96% and 90–102% for As(III) and As(V), 
respectively, with the RSD ranges of 3.2%–8.0% and 2.5%–7.6% 
(Table 3). 

Although such a batch process was found easy and convenient due to 
magnetic property of SMNPs-MPTMS and SMNPs-APTES sorbents, 
instead of complex devices used for separation for non-magnetic SPE 
adsorption materials, there have been few reports about the speciation 
of inorganic arsenic by MSPE-ICP-MS so far. Only As(V) was directly 
extracted by amino-functionalized SMNPs adsorbent with higher con
centration of nitric acid (1 mol L− 1), the absorbent cannot be reused, and 
As(III) had to be oxidized to As(V) for the following MSPE. The 
adsorption capacity for As(V) by our approach (3.38 mg g− 1) with the 
enrichment factor of 25 was lower than the adsorption capacity by the 

Table 1 
The interference of co-existing ions on As(III) and As(V).  

Co-existing ion Concentration (mg L− 1) Adsorption rate (%) 

As(III) As(V) 

Na+ 5 94.34±2.35 93.37±2.79 
K+ 5 96.77±3.21 95.78±1.27 
Ca2+ 5 96.51±2.88 93.62±2.39 
Mg2+ 1 95.14±2.74 94.62±2.13 
Zn2+ 1 96.73±3.25 97.64±2.39 
Al3+ 1 96.66±3.48 96.98±3.72 
Ni2+ 1 93.79±2.31 89.29±2.72 
Cd2+ 1 91.58±3.53 93.91±2.14 
Fe3+ 1 94.45±2.30 94.33±2.58 
Cu2+ 0.1 94.93±3.05 92.31±3.51 
Pb2+ 0.1 96.84±2.99 93.69±3.08 
Cl− 2 95.26±2.58 93.20±2.66 
NO3

− 2 95.76±2.67 96.46±3.49 
SO4

2− 2 94.03±2.87 95.50±2.43  

Table 2 
Analytical results of As(V) and As(III) in standard solution and certified refer
ence material (CRM) (mean ± SD, n=4).  

Sample Certified (μg L− 1) Found (μg L− 1) Recovery (%) 

As 
(III) 

As 
(V) 

AsT As(III) As(V) As 
(III) 

As 
(V) 

ST mixture 2.0 8.0 10.0 1.98 ±
0.19 

7.81 ±
0.28 

99 98  

4.0 6.0 10.0 4.26 ±
0.26 

6.19 ±
0.19 

106 103  

5.0 5.0 10.0 4.93 ±
0.40 

5.10 ±
0.39 

99 102  

6.0 4.0 10.0 6.23 ±
0.29 

4.03 ±
0.18 

104 101  

8.0 2.0 10.0 7.58 ±
0.28 

2.00 ±
0.17 

95 100 

GBW08605 – – 500 ±
8 

507 ± 16 4.56 ±
0.30 

– –  
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existing work (13.1 mg g− 1) with the enrichment factor of 300, and LOD 
for As(V) by our approach (10.5 ng L− 1) was higher than that by the 
existing work (0.21 ng L− 1) [48]. However, the proposed combination 
protocol in our work can directly enrich As(III) and As(V) respectively 
without any oxidation or reduction step. Moreover, lower concentration 
of nitric acid (3% (v/v), i.e. approximately 0.45 mol L-1) was employed 
as eluent component for absorbed As(III) and As(V), which made the two 
adsorbents reusable. 

4. Conclusions 

In this work, two functionalized magnetic nanoparticles, SMNPs- 
MPTMS and SMNPs-APTES, as MSPE sorbents were combined to cap
ture As(III) and As(V), respectively, by coordination and electrostatic 
interactions. The most interesting merit of this approach is that no 
additional oxidation or reduction step for inorganic arsenic species is 
necessary before separation by MSPE. As(III) and As(V) were efficiently 
adsorbed in the pH range 7.0–9.0 and 3.0–8.0 respectively, and then 
were eluted by using 3% (v/v) HNO3 with 3% thiourea (m/v) and 3% 
HNO3 (v/v), respectively. The stability of the inorganic arsenic species 
are kept during adsorption process, and the reuse of the functionalized 
magnetic materials realized. The reliability and applicability of this 
MSPE-ICP-MS method were validated by using corresponding certified 
reference material and spiking recovery of the real water samples 
analyzed. In view of the advantages of facile preparation, low cost, 
excellent speciation selectivity, good reusability and high stability to As 
(III) and As(V), the two functionalized magnetic materials based SPME 
protocol is promising for direct speciation analysis of inorganic arsenic 
in real environmental water samples. 
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Determination of As, Cd, and Pb in tap water and bottled water samples by using 
optimized GFAAS system with Pd-Mg and Ni as matrix modifiers, J. Spectrosc. 
(2013) 824817, https://doi.org/10.1155/2013/824817. 

[11] R.M. de Oliveira, A.C.N. Antunes, M.A. Vieira, A.L. Medina, A.S. Ribeiro, 
Evaluation of sample preparation methods for the determination of As, Cd, Pb, and 
Se in rice samples by GF AAS, Microchem. J. 124 (2016) 402–409, https://doi.org/ 
10.1016/j.microc.2015.09.018. 

[12] Y.-L. Yu, Z. Du, M.-L. Chen, J.-H. Wang, A miniature lab-on-valve atomic 
fluorescence spectrometer integrating a dielectric barrier discharge atomizer 
demonstrated for arsenic analysis, J. Anal. At. Spectrom. 23 (2008) 493–499, 
https://doi.org/10.1039/B718977J. 
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