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A B S T R A C T   

An amino- and mercapto-bifunctionalized magnetic nanocomposite (SMNPs-(NH2 + SH)) was synthesized by 
modification of silica-coated magnetic nanoparticles (SMNPs) via one-pot co-condensation of 3-aminopropyltrie
thoxysilane (APTES) and 3-mercaptopropyltrimethoxysilane (MPTMS) for the first time. The bifunctional mag
netic nanomaterial was characterized by scanning electron microscopy, transmission electron microscopy, X-ray 
diffraction, Fourier transform infrared spectrometry, X-ray photoelectric spectroscopy, elemental analysis, 
thermogravimetric analysis and vibrating sample magnetometry, etc. The prepared SMNPs-(NH2 + SH) nano
composite was employed as magnetic solid-phase extraction (MSPE) sorbent for speciation of inorganic arsenic 
without any pre-oxidation or pre-reduction process. Different optimal conditions for the MSPE including sample 
solution pH and volume, adsorbent amount, loading time, eluent composition and volume, and elution time were 
investigated systematically. As(V) and As(III) were adsorbed simultaneously at pH 4.0, and then desorbed 
sequentially by 3 % (v/v) HNO3 and 3 % (v/v) HNO3 with 4 % (m/v) mercaptosuccinic acid followed by 
inductively coupled plasma-mass spectrometry (ICP-MS) analysis with the limits of detection of 15.2 and 24.5 
ng/L respectively at an enrichment factor of 10 fold. The reliability of the stepwise speciation strategy based on 
SMNPs-(NH2 + SH) was validated by analyzing inorganic arsenic species in certified reference material of 
environmental water as well as mixed standard solutions of As(V) and As(III), and the results were in good 
accordance with the certified or standard values. The applicability of the SMNPs-(NH2 + SH)-MSPE-ICP-MS 
method for speciation analysis of inorganic arsenic was evaluated in spiked tap, rain, lake and river water 
samples at the recoveries of 92 %–102 % and 92 %–100 % with the relative standard deviations of 3.6 %–7.4 % 
and 2.3 %–8.2 % for As(V) and As(III) respectively. In consideration of the merits of single adsorbent, facile 
preparation, easy operation and no invasion to labile inorganic arsenic, the bifunctional material based MSPE 
protocol is attractive for speciation analysis of arsenic in real environmental samples.   

1. Introduction 

The contamination of arsenic (As), originating from both natural and 
anthropogenic activities, is a worldwide issue with significant conse
quences for whole ecosystem and public human health [1–3]. Exposure 
to excessive arsenic even at a lower level would affect the normal cells 
metabolism leading to diseases including gastrointestinal, cardiovascu
lar and genotoxic disorders, and even cancers of skin, bladder and 

kidney, etc [4–7]. As a result, arsenic has been early deemed to be a 
hazardous element by the U.S. Environmental Protection Agency 
(USEPA) [8], and then categorized as a potential carcinogen by the In
ternational Agency for Research on Cancer (IARC) [9]. The arsenic in 
environmental waters including surface and ground waters threatens 
human health at the chronic affecting level, and daily intake of drinking 
water contaminated with arsenic is an important source of this threat 
[4,7,10]. Therefore, the World Health Organization (WHO) has reduced 
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the permissible concentration of arsenic to 10 μg L− 1 in drinking water 
due to its adverse effects [11]. 

The ecological and health effects of arsenic significantly depend not 
only on the total amount but also on its chemical types [7,12–15]. 
Because inorganic arsenic species are generally more toxic compared 
with their organic species, USEPA released a special risk assessment 
report of ingested inorganic arsenic on skin cancer and nutritional es
sentiality [16]. Inorganic arsenic predominantly exists in arsenate (As 
(V)) and arsenite (As(III)) forms in environmental waters. The trivalent 
As(III) is approximately 60 times more hazardous than the pentavalent 
As(V) because of its stable complexation with thiol group (-SH) present 
in enzymes [17]. Therefore, it is very important to develop new species 
separation materials and technologies for highly selective, sensitive and 
accurate speciation analysis of arsenic [15,18–21]. 

Solid phase extraction (SPE) technique possesses many advantages 
such as good selectivity, high enrichment factor, fast adsorption/ 
desorption dynamics, minimal expense, easy automation, and inorganic 
solvent consumption, and thus has been widely employed in the analysis 
of trace elements and their species. Different kinds of solid adsorbents, 
such as biomass immobilized polymers [22], and functionalized porous 
materials, nanometer-sized materials, restricted access materials, ion 
imprinting polymers and magnetic materials [23] have been proposed 
for the SPE of trace elements and their species. Among them, function
alized magnetic nanocomposites have drawn considerable attention due 
to facile preparation process, good environment friendliness and mul
tiple reusability [24]. Magnetic solid phase extraction (MSPE), initially 
suggested by Šafařıḱová and Šafařıḱ in 1999, provides all merits of SPE 
with the exclusion of centrifugation and/or filtration processes by uti
lizing external magnetic fields to separate magnetic adsorbents from the 
target solution [25]. The adsorbent does not need to be packed as car
tridge or column, and the preconcentration processes are reduced to one 
easy step as compared to conventional SPE [26–28]. In recent years, 
although a number of functionalized magnetic nanoparticles (MNPs) 
have been extensively exploited as the MSPE matrices for elemental 
speciation analysis in environmental and biological samples, there have 
been relatively less for the separation and analysis of arsenic species up 
to now [23,24]. 

Since amino and mercapto groups have strong electrostatic and/or 
coordination interactions to metal and metalloid ions, amino- and 
mercapto-functionalized magnetic nanomaterials have been frequently 
developed as MSPE matrices for the separation and enrichment of ele
ments [29–32] and their species [33–36]. However, very few works 
have been reported yet about amino- and mercapto-functionalized 
MNPs prepared for speciation analysis of inorganic arsenic. Huang 
et al. synthesized a nanocomposite composed of silica-coated magnetic 
Fe3O4 nanoparticles (SCMNPs) functionalized with 3-(2-amino
ethylamino)propyltrimethoxysilane (AEAPTMS) (AAPTS-SCMNP) as 
MSPE sorbent for speciation analysis of As(V) in environmental waters 
prior to inductively coupled plasma-mass spectrometry (ICP-MS) 
detection [37]. Pourghazi et al functionalized Fe3O4 nanoparticles with 
3-aminopropyl triethoxysilane (APTES) followed by modification with 
3-mercaptopropionic acid (MPA) (MPA-APTS-MNPs) for MSPE in com
bination with graphite furnace-atomic absorption spectrometric (GF- 
AAS) to determine As(V) in drinking waters including tap and mineral 
waters [38]. Tan research group synthesized a nanocomposite 
comprising carboxyl-decorated Fe3O4 nanoparticles (CMNPs) function
alized with poly(m-phenylenediamine) (PmPD) (CMNPs@PmPD) as 
potential magnetic adsorbent for removal of As(V) and As(III) via batch 
adsorption monitored by inductively coupled plasma-atomic emission 
spectrometry (ICP-AES) [39]. Probably because As(V) was partially 
reduced to As(III) by the benzenoid amine on the surface of the magnetic 
material, the speciation analysis of these two species was not imple
mented under the proposed adsorption conditions. Hu research group 
modified silica-coated magnetic Fe3O4 nanoparticles with graphene 
oxide (GO) using APTES as intermediary bridge, and then decorated the 
GO with cysteamine (i.e. 2-mercaptoethylamine) through thiol-ene click 

reaction (Fe3O4@SiO2/GO-NH2) for MSPE of As(V) in drinking and 
environmental waters couple to GF-AAS analysis [40]. On the other 
hand, Vereda Alonso and López Guerrero research group synthesized a 
[1,5-bis(2-pyridyl)-3-sulfophenyl methylene] thiocarbonohydrazide 
(PSTH) functionalized silica-coated magnetic nanoparticles (PSTH- 
MNPs) in two knotted reactors (KR) for MSPE of As(III) in well and sea 
waters followed by a hydride generation (HG) system coupled on line 
with ICP-MS (HG-ICP-MS) detection [41]. Saçmacı et al. grafted L- 
glutathione (GSH) onto Fe3O4 modified GO surface (GO/Fe3O4@GSH) 
as MSPE sorbent for the determination of As(III) in tap, bottled and hot 
spring waters by Zeta potential analysis [42]. However, because the 
above amino-containing AAPTS-SCMNP, MPA-APTS-MNPs and 
Fe3O4@SiO2/GO-NH2 can only adsorb As(V), while the mercap
to–containing PSTH-MNPs and GO/Fe3O4@GSH can only adsorb As(III), 
an additional oxidation or reduction reaction was required for As(III) to 
As(V) [37,38,40] or for As(V) to As(III) [41,42], respectively, to get total 
inorganic arsenic, and then subtraction of other species was calculated, 
needing somewhat tedious procedure and increasing inevitable analyt
ical inaccuracy. At the same time, there have been several other func
tional magnetic nanomaterials else prepared for inorganic arsenic 
speciation, for example, GO modified silica-coated magnetic Fe3O4 
nanoparticles (Fe3O4@SiO2/GO) [43] and dithiocarbamate (DTC) 
decorated silica-coated magnetic Fe3O4 nanoparticles modified MOF- 
199 (MOF-199/Fe3O4@DTC) [44] for As(III), as well as poly(meth
acrylic acid) (PMA) coated MNPs (M− PMA) for As(III) and As(V) [45]. 
As monofunctional absorbents, it is difficult to capture both species 
simultaneously with one of single magnetic materials under the opti
mized conditions for one species. A time-consuming pre-oxidation/ 
reduction step was necessary as mentioned above [37,38,40–44] fol
lowed by deduction of either specie from the total inorganic arsenic. 
Another common approach is to re-extract the other species form the 
sample again after adjusting the solution pH [45]. However, the sepa
ration resolution is generally not enough to satisfy the requirement of 
different species of an element based on different interaction forces of 
single functional sites like carboxylic group at different pH. In addition, 
this operation containing two times loading and elution processes 
respectively is laborious, which may result in the distortion of labile 
species especially for As(III) and the involvement of interferences. 

Integrating different functional materials of selectivity towards in
dividual species is one of the effective solutions for elemental speciation 
since no oxidation or reduction was performed prior to species separa
tion. Hu group developed two silica monolithic capillary columns 
modified with AEAPTMS and MPTMS respectively, for speciation anal
ysis of As(V)/Se(VI) and As(III)/Se(IV) in natural water with in-tube 
solid phase microextraction (in-tube SPME) or capillary micro
extraction (CME) coupled to ICP-MS [46], and immediately after for the 
speciation analysis of As(III) and As(V) in human hair extracts with 
electrothermal vaporization (ETV)-ICP-MS, with the aid of column 
switching [47]. However, the optimization of synthesis conditions for 
the monoliths within a narrow in-tube space takes a lot of time and ef
forts [48,49]. It is known that MSPE has the advantages of convenient 
preparation of magnetic functional adsorbents, simple devices (even just 
a permanent magnet) and easy extraction operation exempting the 
requirement of centrifugation or filtration in comparison with in-tube 
SPME/CME. Hu group prepared a magnetic Zr-terephthalate (H2BDC) 
MOF composite (MFC) for the selective adsorption of As(V), and a 
dimercaptosuccinic acid (DMSA) modified MFC (MFC-SH) for As(III) in 
SCC-7 cell via an online chip-based dual-column magnetic solid phase 
microextraction system (MSPME)-ICP-MS [50]. Recently, our research 
group combined two functionalized magnetic nanoparticles, SMNPs- 
APTES and SMNPs-MPTMS, as MSPE sorbents to directly extract As(V) 
and As(III), respectively, followed by ICP-MS detection, and then suc
cessfully applied this MSPE-ICP-MS protocol for speciation analysis of 
inorganic arsenic in tap, river, lake and rain waters [51]. Although no 
additional oxidation or reduction step for inorganic arsenic species was 
necessary before separation, this combination strategy consumed a 
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couple of kinds of extraction materials with double runs of loading- 
elution procedure. 

During the past two decades, the development of multifunctionalized 
materials with different functional groups has become a trend for solid 
adsorbent based separation and enrichment of various analytes. The 
well-known multifunctional adsorbents have been mainly utilized for 
organic pollutants and biomolecules analysis, however, very few for 
element and their species in environmental and biological samples 
[52–57]. Eroğlu research group synthesized an amino- and mercapto- 
bifunctionalized silica (Silica-(NH2 + SH)) by post-modification of 
MPTMS and APTES on commercial silica gel for adsorption study of As 
(V) and As(III) via electrostatic attraction and chelate formation, 
respectively. This bifunctional material was used for the evaluation of 
sorption recovery of inorganic arsenic by batch process associated with 
ICP-MS determination [58]. However, because the quantitative 
desorption of As(V) and As(III) can only be simultaneously realized 
using 0.5 M NaOH, this silica-based sorbent cannot be reused anymore, 
which was attributed to the leaching of two functional groups owing to 
the dissolution of silica gel. In addition, centrifugation and/or filtration 
separation operation was necessary. Li et al. from our group developed 
an amino- and mercapto-bifunctionalized mesoporous hybrid monolith 
(HM-(NH2 + SH)) by one-pot co-condensation of AESPTES, MPTMS and 
TEOS for sequential separation and pre-concentration of As(V) and As 
(III). The applicability of the bifunctional mesoporous material for 
speciation analysis of inorganic arsenic has been validated in environ
mental water samples via syringe-based SPE coupled to ICP-MS deter
mination [59]. Afterwards, Zhao et al. from our group prepared an 
amino- and mercapto-bifunctionalized hybrid monolithic column 
(HMC-(NH2 + SH)) by one-pot co-condensation with the same three 
reactants for speciation analysis of As(V) and As(III) in environmental 
water samples via in-tube SPME-ICP-MS [60]. However, above batch 
SPE encountered filtration operation, and syringe-based SPE and in-tube 
SPME needed a little bit more complex devices and spent more time to 
assemble and install compared with MSPE. In addition, the gathered 
experience and specialized skill were required for optimizing the in-situ 
reaction conditions of monolithic columns within a limited in-capillary 
space. Therefore, it is of important interesting to develop novel bifunc
tional adsorbents as the MSPE matrices for simultaneous adsorption and 
then sequential desorption of As(V) and As(III) without the requirement 
of double adsorbents, oxidation or reduction step, and subtraction 
calculation. In this present paper, amino- and mercapto- bifunctional
ized magnetic nanocomposite was developed, and applied as MSPE 
sorbent for direct and non-invasive speciation analysis of inorganic 
arsenic in drinking and environmental waters in combination with ICP- 
MS detection. 

2. Materials and methods 

2.1. Reagents and materials 

The sources or suppliers of the chemicals, As(V) and As(III) standard 
stock solutions, as well as certified reference material (CRM) used in this 
study are given in Supplementary Material. All the chemicals were of 
analytical reagent grade and used without further purification unless 
stated otherwhere. 

2.2. Apparatus 

The instrumentation with the operation parameters for the charac
terization of prepared magnetic nanomaterials is described in Supple
mentary Material. A NEXION 350D ICP-MS (PerkinElmer-SCIEX, 
Concord, ON, Canada) was employed for all the quantitative de
terminations of As concentrations with the optimal operation parame
ters listed in Table S1. A Five Easy Plus pH meter (Mettler-Toledo, 
Shanghai, China) was used for the control of pH values of all solutions. 

2.3. Preparation of magnetic nanomaterials 

The synthesis route from Fe3O4 MNPs to SMNPs and then to SMNPs- 
(NH2 + SH) is present schematically in Scheme 1. Fe3O4 MNPs were 
prepared via solvothermal method (Fig. S1), and then silica-coated 
magnetic Fe3O4 nanoparticles (SMNPs) were obtained by wrapping up 
a layer of silica on the MNPs with TEOS via sol–gel method as stated in 
Supplementary Material. 

Amino- and mercapto-bifunctionalized magnetic nanocomposite 
(SMNPs-(NH2 + SH)) was synthesized by modifying SMNPs with APTES 
and MPTMS via one-pot. In detail, SMNPs (0.50 g) were dispersed into 
isopropanol (150 mL) in a beaker with the help of sonication for 30 min. 
The dispersion liquid was transferred to a three neck flask and stirred at 
a constant speed of 500 rpm with addition of ammonia solution (3.5 mL) 
under nitrogen atmosphere. Subsequently, the mixture of APTES and 
MPTMS (0.350 mL, each) was introduced through an injection syringe 
and the dropping speed was controlled by a TJ-1A single channel syringe 
pump (LongerPump, Hebei, China). The co-condensation reaction was 
carried out at 35 ◦C for 1 h and immediately after at 65 ◦C for 12 h. The 
resulting particles were separated magnetically using a permanent 
magnet and washed with ethanol and water to remove unreacted sub
stances. The final product of SMNPs-(NH2 + SH) was dried at 60 ◦C in a 
vacuum oven for 24 h. 

2.4. Speciation analysis of inorganic arsenic 

The operation process of MSPE based enrichment and speciation 
analysis of inorganic arsenic is also illustrated in Scheme 1. For the 
adsorption procedure, 50 mL of aqueous solution containing As(V) and 
As(III) was taken and the pH was maintained at 4.0 by using HNO3 (0.2 
mol/L) and/or NH3⋅H2O (0.2 mol/L). After 10 mg of SMNPs-(NH2 + SH) 
was dispersed, the sample solution was shaken for 40 min to capture two 
arsenic species by the adsorbent concurrently to reach equilibrium. 
Subsequently, loaded inorganic arsenic species on SMNPs-(NH2 + SH) 
were desorbed sequentially using different eluents. In the first step, 5 mL 
of 3 % (v/v) HNO3 was used to elute As(V) in 5 min of shaking and the 
supernatant was transferred into a centrifuge tube. In the second step, 5 
mL of 3 % (v/v) HNO3 with 4 % (m/v) MSA was used to elute As(III) and 
the supernatant was transferred into another centrifuge tube. Finally, 
these two supernatants processed by a permanent magnet were directly 
injected into ICP-MS to acquire the concentrations of As(V) and As(III) 
respectively. 

3. Results and discussion 

3.1. Characterization of magnetic nanomaterials 

The particle size, shape and surface morphology of as-synthesized 
MNPs, SMNPs and SMNPs-(NH2 + SH) were characterized by SEM and 
TEM analysis. As shown in Fig. 1 (A-C), these three magnetic nano
materials were of quasi-spherical shape, with average diameters of 200, 
270 and 320 nm, respectively. The EDX analysis indicated that there 
were Fe, O, C, Si, N and S in SMNPs-(NH2 + SH) with the weight per
centages of 30.77 %, 35.80 %, 15.93 %, 10.35 %, 6.16 % and 1.00 %, 
respectively (Fig. S2). The uniform existence of these six elements was 
embellished by elemental mapping (Fig. S3), which suggested the 
modification of not only TEOS but also both APTES and MPTMS on the 
surface of Fe3O4 MNPs. The more accurate contents of C, H and N were 
4.00 %, 1.78 % and 2.51 % determined by EA as listed in Table S2. 
Furthermore, TEM images confirmed that MNPs, SMNPs and SMNPs- 
(NH2 + SH) were in quasi-spherical form with the average diameters of 
200, 276 and 330 nm, respectively, and visualized the rough surface of 
SMNPs-(NH2 + SH) nanoparticles (Fig. 1 (D-F)). 

The functional groups of MNPs, SMNPs and SMNPs-(NH2 + SH) were 
investigated by FT-IR as shown in Fig. 2. The distinctive peak at around 
575 cm− 1 in all the IR spectra of nanomaterials originated from the 
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Scheme 1. Schematic diagrams of synthesis process of SMNPs-(NH2 + SH) (Upper) and speciation analysis procedures of As(V) and As(III) by MSPE-ICP-MS (Lower).  

Fig. 1. SEM (A-C) and TEM images (D-F) of MNPs (A,D), SMNPs (B,E) and SMNPs-(NH2 + SH) (C,F).  
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specific absorption of Fe-O bond of MNPs. The absorptions at 802 and 
1095 cm− 1 in the spectra of SMNPs and SMNPs-(NH2 + SH) were 
assigned to the symmetric and asymmetric stretching vibrations of 
Si–O–Si bond respectively, which testified the wrapping of silica on 
MNPs surface via TEOS hydrolysis. The peak at 2854 and the band from 
2911 to 2962 cm− 1 in the spectrum of SMNPs-(NH2 + SH) were ascribed 
to the symmetric and asymmetric stretching vibrations of C–H bond 
respectively, indicating the coating of saturated C–H bonds of APTES 
and MPTMS onto the silica of SMNPs. In the IR spectrum, the appearance 
of absorption at 1450 cm− 1 corresponding to the bending vibration of 
–NH2, as well as the increase of absorption intensity at 1625 and 3429 
cm− 1 respectively corresponding to the stretching vibrations of C–N 
and N–H compared with SMNPs implied the decoration of amino 
groups on SMNPs surface from the hydrolysis of APTES. As shown in 
Table S2, EA result of N content (2.51 %, w/w) confirmed the existence 
of amino group in SMNPs-(NH2 + SH). On the other hand, the IR 
spectrum showed a weak peak at 2550 cm− 1 related to the symmetric 
stretching vibration of S–H bond, reminding the grafting of mercapto 
groups onto SMNPs by hydrolysis of MPTMS. Raman spectroscopy was 
used to demonstrate the existence of the group, and the characterized 
band of mercapto group was high-visible at 2560 cm− 1 in the Raman 
spectrum of SMNPs-(NH2 + SH) (Fig. S4). 

To verify the concurrent functionalization of amino and mercapto 
groups, XPS was utilized for the characterization of SMNPs-(NH2 + SH). 
It is clearly observed from Fig. S5 that there were N 1 s and S 2p peaks in 
the spectra of SMNPs-(NH2 + SH) before and after adsorption of As(V) 
and As(III), demonstrating the successful decoration of amino and 
mercapto groups on the synthesized bifunctional magnetic material. 

The zeta potentials were determined to inspect the net surface 
charges of MNPs, SMNPs and SMNPs-(NH2 + SH) from pH 1.0 to 9.0 as 
shown in Fig. S6, which reflected the surface modification on the mag
netic nanomaterials. The dependence of zeta potentials of MNPs and 
SMNPs upon pH was similar to our previous reports, with the isoelectric 
points (IEPs) of pH 6.4 and pH 2.2 respectively [51]. The zeta potential 
of SMNPs-(NH2 + SH) gradually decreased from 41.53 mV at pH 1.0 to 
0 at pH 5.7 (i.e. IEP), and then to –22.63 mV at pH 9.0. This is due to the 
counteraction of charges of amino and mercapto groups on SMNPs. 

TG analysis was carried out to examine the existence of amino and 
mercapto-modified silica on the surface of MNPs. The weight loss pro
files of MNPs, SMNPs and SMNPs-(NH2 + SH) from 25 to 900 ◦C are 
observed in Fig. S7. The TGA curve of MNPs showed a weight loss at 
around 550 ◦C, corresponding to the transform of Fe3O4 to α-Fe3O4. The 

drop in weight of SMNPs and SMNPs-(NH2 + SH) lasting until about 
200 ◦C was attributed to the vaporization of water and organic solvents 
such as ethanol remained on the surface of the decorated magnetic 
nanocomposites. The weight reduction in the case of SMNPs from 200 ◦C 
to 500 ◦C resulted from the escape or degradation of unreacted reagents 
like TEOS and EG. As for SMNPs-(NH2 + SH), a much sharper weight loss 
occurred from 300 ◦C to 500 ◦C, likely due to the degradation of the 
polymer layers and escape of unreacted functional monomers besides 
unreacted reagents. 

The phase composition and crystallite size of MNPs, SMNPs and 
SMNPs-(NH2 + SH) were analyzed by XRD in the angle (2θ) region of 5 
to 80◦ (Fig. S8). There were six common peaks in the three nano
materials at 2θ angles of 30.43◦, 35.79◦, 43.3◦, 53.89◦, 57.26◦ and 62.9◦

as marked by their respective indices of (220), (311), (400), (422), 
(511) and (440), which matched the standard XRD data card of 
magnetite (Fe3O4) crystal (JCPDS No. 19–0629). The XRD patterns of all 
the magnetic nanoparticles were the same, indicated that the crystalline 
structure of Fe3O4 MNPs was not varied after modification with TEOS, 
and then with APTES and MPTMS. 

The magnetism of MNPs, SMNPs and SMNPs-(NH2 + SH) was 
measured and their hysteresis loops were obtained as shown in Fig. S9 
with the saturation magnetization values of 80.84, 51.82 and 47.34 
emu/g, respectively. The gradual decrease in magnetic intensity of the 
nanomaterials was ascribed to the coating of TEOS and then APTES and 
MPTMS, and however, it was still easily attracted by a magnet in a few 
seconds. 

3.2. Adsorption mechanism, process and capability 

Because pH of solution determines the existing forms of arsenic 
species and surface nature of SMNPs-(NH2 + SH), the pH is one of the 
key factors influencing adsorption behavior of inorganic arsenic on the 
bifunctional solid sorbent. The dependence of adsorption efficiency of 
SMNPs-(NH2 + SH) towards As(V) and As(III) upon solution pH was 
respectively inspected from pH 1.0 to 9.0. In this experiment, the 
SMNPs-(NH2 + SH) was separated magnetically from 50 mL solution of 
20 μg L− 1 As(V) and As(III) after complete adsorption for 40 min and the 
individual supernatants were analyzed by ICP-MS. Fig. 3 shows that the 
adsorption rates of As(V) on SMNPs-(NH2 + SH) were more than 90 % in 
the pH range of 3.0–8.0. This is because the dissociation constant (pKa) 
values of As(V) are 2.2, 7.0 and 11.5 [15], and anionic As(V) species 

Fig. 2. FT-IR spectra of MNPs, SMNPs and SMNPs-(NH2 + SH).  

Fig. 3. Effect of pH on the adsorption rate of As(V) and As(III) on SMNPs-(NH2 
+ SH) and SMNPs. Adsorbent amount: 10 mg; Concentration of As(III) or As(V): 
20 μg L− 1; Sample volume: 50 mL; Adsorption time: 40 min. Error bar repre
sents the standard deviation of triplicate analysis. 
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(H2AsO4
− and HAsO4

2− ) were attracted strongly towards protonated 
amino group decorated on the bifunctional adsorbent via electrostatic 
interaction. When the pH was changed from 3.0 to 1.0, however, the 
adsorption rate decreased gradually, which is attributed to the weaker 
attraction between neutral As(V) species emerged and positive –NH3

+. 
Above pH 8.0 the adsorption rate also decreased obviously, due to the 
deprotonation of –NH3

+ to neutral –NH2. The explanation was supported 
by the negative zeta potential of bifunctional adsorbent resulting from 
the net charges on the SMNPs possessing amino- and mercapto-groups in 
this situation [51]. As(III) was dominantly existed as uncharged species 
(H3AsO3) in the whole pH range tested, because the pKa values are 9.2, 
12.1 and 13.4 [15]. It was captured by SMNPs-(NH2 + SH) due to the 
strong coordination interaction of decorated mercapto group towards 
the arsenic species of lower oxidation state. As shown in Fig. 3, a 
satisfactory adsorption (>90 %) was realized from pH 1.0 to 9.0 except 
at pH 2.0 due to partial oxidation of unstable As(III). The interpretation 
for the rapid reinstatement to about 92 % of adsorption rate is ascribed 
to the synergetic effects of chelation of –SH and electrostatic attraction 
of –NH3

+ on the bifunctional adsorbent, respectively, to the original As 
(III) and the As(V) oxidized from As(III). In addition, both As(V) and As 
(III) were not retained on SMNPs appreciably, indicating that the se
lective adsorption of the SMNPs-(NH2 + SH) was primarily caused by 
the existence of amino and mercapto groups. As a result, pH 4.0 was 
chosen in all following batch experiments for the optimization of other 
parameters. 

The adsorption mechanism of As(V) and As(III) towards SMNPs- 
(NH2 + SH) was further elucidated by XPS measurement. Fig. S10 shows 
the XPS spectra of SMNPs-(NH2 + SH) before and after adsorption of 
these two species simultaneously. The appearance of As 3d peak at 43.2 
eV (Fig. S10 (A,B)) suggested the retention of As(V) and As(III) by the 
bifunctional magnetic nanocomposite. Furthermore, the shiftings of 
binding energies of N 1 s from 399.10 to 399.55 eV (Fig. S10 (C,D)) and S 
2p from 163.40 to 163.59 eV (Fig. S10 (E,F)), respectively, revealed 
their adsorption sites. By contrast, no apparent shifting in binding en
ergies for Fe 2p3/2 (711.30 eV) and Fe 2p1/2 (723.70 eV) (Fig. S10 (G, 
H)) and Si 2p (102.20 eV) (Fig. S10 (I,J)) was observed, indicating that 
Fe and Si in SMNPs-(NH2 + SH) did not adsorb As(V) and As(III). All 
above results confirmed the concurrent retention of As(V) and As(III) via 
the interactions with amino and mercapto groups on the bifunctional 
material. 

The adsorption capability of SMNPs-(NH2 + SH) towards As(V) and 
As(III) was assessed by static technique to understand the adsorption 
process. 10 mg of SMNPs-(NH2 + SH) was used to capture As(V) and As 
(III) in 50 mL solution respectively at different initial concentrations of 
0.5–25 mg L− 1 under pH 4.0. The concentration in the static solution 
was determined by ICP-MS after 40 min of equilibrium. The adsorption 
amounts of the two arsenic species was increased with the increase of 
concentrations from 0.5 to 20 mg L− 1, and then saturated in the range of 
20–25 mg L− 1, whereafter there was no further adsorption increasing 
(Fig. S11). The maximum adsorption capacities (Qmax, mg g− 1) based on 
their breakthough curves of SMNPs-(NH2 + SH) towards As(V) and As 
(III) were calculated via Eq. S1 as 2.81 and 3.92 mg g− 1, respectively. 

The adsorption isotherms of As(V) and As(III) on the bifunctional 
material were drawn according to Eq. S2 and Eq. S3, which respectively 
correspond to Langmuir and Freundlich adsorption isotherm models. 
The relationship between the amount of adsorbed As(V) or As(III) on 
SMNPs-(NH2 + SH) and the corresponding equilibrium concentration 
was established by using the derived data. The plots via Eq. 2 suggested 
that adsorption towards As(V) and As(III) fit to Langmuir model with 
higher correlation coefficients (r2) of 0.9925 and 0.9758 respectively 
(Fig. S12 (A)). At the same time, the plots via Eq. 3 suggested that 
adsorption towards the two arsenic species to Freundlich model with 
lower r2 of 0.9608 and 0.9740 respectively (Fig. S12 (B)). Besides, other 
fitting parameters from the linear aggression of two kinds of curves were 
summarized in Table S3. As a result, the adsorption sites on SMNPs- 
(NH2 + SH) go through homogenous monolayer chemical adsorption of 

As(V) and As(III) with the maximum adsorption capacities of 3.08 and 
4.41 mg g− 1, respectively. 

3.3. Optimization of operation conditions for MSPE 

To ensure the efficiency of the bifunctional material based MSPE 
method, the parameters impacting the separation performance were 
optimized, including sample solution volume, adsorbent amount, 
loading time, eluent composition and volume and elution time, etc. 

3.3.1. Loading conditions 
The effect of amount of SMNPs-(NH2 + SH) on the adsorption of 

inorganic arsenic was examined in the range of 2.5–20 mg for 50 mL 
solution containing 20 μg L− 1 As(V) or As(III) at pH 4.0, and the results 
are shown in Fig. S13 (A). The adsorption rates for the arsenic species 
increased with increasing adsorbent dose from 2.5 to 10 mg, and 
reached above 90 % when 10 mg or more were used for 40 min. So, a 
SMNPs-(NH2 + SH) amount of 10 mg was adopted for in subsequent 
loading operation. The effect of loading time from 5 to 120 min on the 
adsorption of As(V) or As(III) in the same solution was tested under the 
specified pH and adsorption dosage as shown in Fig. S13 (B). The 
adsorption of the arsenic species was enhanced progressively as the 
contact time during 5–40 min, and then leveled out with the quantitative 
adsorption of above 90 %. As a result, a loading time of 40 min was 
selected in following experiment. The effect of sample volume on the 
adsorption of As(V) or As(III) was investigated by using different vol
umes (5–100 mL) of the solution under the optimized pH and loading 
time. Fig. S13 (C) demonstrated that As(V) and As(III) were captured 
with a satisfactory adsorption rate of over 90 % when the sample volume 
was 5–50 mL, and thereafter the adsorption was reduced slightly. To get 
a comparatively high enrichment factor, the sample volume was 
selected to be 50 mL. 

3.3.2. Elution conditions 
A suitable eluent is important for the quantitative elution of the 

captured target species, as well as necessary for the following ICP-MS 
determination. It is noticed from Fig. 3 that As(V) cannot be adsorbed 
by SMNPs-(NH2 + SH) at low pH, therefore dilute HNO3 we used as the 
eluent for desorption of As(V). As shown in Fig. S14 (A), 5 mL of various 
concentrations of HNO3 (2.0 %-5.0 %, v/v) were utilized to elute As(V) 
from the adsorbent. The recovery was increased up to 90 % when HNO3 
concentration changed from 2.0 % to 3.0 % (v/v), and then reached a 
hathpace on further increasing the concentration. However, since higher 
HNO3 concentration may disrupt the linking bond between mercapto 
group and SMNPs, 3 % (v/v) HNO3 was selected for As(V) compromis
ingly. MSA had greater desorption effect for As(III) because its mercapto 
and carboxyl groups could form As(III) complex with a stable five- 
membered ring structure [60]. Therefore, the influence of different 
concentrations of MSA (1 %-5%, m/v) with 3 % (v/v) HNO3 on the re
covery of As(III) was thoroughly investigated as shown in Fig. S14 (B). 
The results indicated that the adsorbed As(III) on the SMNPs-(NH2 + SH) 
was quantitatively eluted (90 %) with 4 % or more MSA (m/v), thus 4 % 
MSA (m/v) in 3 % (v/v) HNO3 was chosen for elution of As(III). The 
influence of elution time on the desorption of As(V) and As(III) was 
inspected respectively in the range of 1 to 15 min for quick analysis. 
Fig. S14 (C) indicated that the recoveries of two arsenic species were 
increased with increasing elution time from 1 to 5 min, and then 
remained unchanged. Therefore, the elution time was set as 5 min. 
Meanwhile, the influence of eluent volume for As(V) and As(III) was 
examined respectively in the range of 2–6 mL. Fig. S14 (D) showed that 
the recoveries of two arsenic species were increased with increasing 
eluent volume from 2 to 4 mL, and afterward kept stable. By compre
hensively considering the analysis time and enrichment factor, the 
optimized elution time and eluent volume were finally set to 5 min and 
5.0 mL, respectively. 
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3.3.3. Reusability of SMNPs-(NH2 + SH) 
The reusability of SMNPs-(NH2 + SH) was evaluated under the 

optimal MSPE conditions. The recoveries of As(V) or As(III) through the 
repeat loading-elution cycles were illustrated in Fig. 4. After six 
consecutive extraction operations, there was no obvious decline in re
covery. This result demonstrated that the bifunctionalized magnetic 
nanomaterial possesses high chemical and mechanical stability. 

3.4. Analytical performance 

3.4.1. Linear range and detection limit 
The analytical performance of the novel SMNPs-(NH2 + SH) based 

MSPE-ICP-MS method was inspected under the optimal conditions. The 
linear range was found to be 0.1–50 μg L− 1 with r2 values of 0.9992 and 
0.9985, respectively, for As(V) and As(III). The limits of detection 
(LODs, described as a 3-fold signal-to-noise ratio) were 0.015 and 0.024 
μg L− 1 at a enrichment factor of 10 for As(V) and As(III), respectively, 
which were much lower than the allowable level of arsenic in drinking 
and environmental waters. 

3.4.2. Tolerance of co-existing ions 
In order to investigate the influence of co-existing ions in real-world 

water samples on enrichment and separation of As(V) and As(III), 50 mL 
of solution containing 10 μg L− 1 of the either species and a certain 
concentration of interfering ion was processed according to the general 
process. The results listed in Table S4 showed that the adsorption rates 
of As(V) and As(III) were maintained in range of 90 % to 97 %, and that 
Na+, K+ and Ca2+ can be tolerated up to 5 mg L− 1, Cl− , NO3

− and SO4
2− to 

2 mg L− 1, Mg2+, Zn2+, Al3+, Ni2+, Cd2+ and Fe3+ to 1 mg L− 1, and Cu2+

and Pb2+ to 0.1 mg L− 1. These tolerance concentrations of interfering 
ions were found much higher than the common existing concentrations 
in drinking and environmental waters. 

3.4.3. Comparison with other methods 
The proposed SMNPs-(NH2 + SH)-MSPE-ICP-MS protocol was 

compared to previously reported magnetic nanomaterials based MSPE 
methods for speciation analysis of inorganic arsenic (Table S5). It was 
interestingly found that the bifunctionalized nanocomposites made the 
simultaneous adsorption and stepwise desorption of As(V) and As(III) 
realized by only one adsorbent without any pre-oxidation or pre- 
reduction. In further comparison with other bifunctional materials 
based methods, the important advantage of the protocol, as shown in 
Table 1, were the facile preparation of the nanomaterial, easy imple
mentation of magnetic separation, and good reusability of the 
adsorbent. 

3.4.4. Analytical applicability 
The established MSPE-ICP-MS method was validated for speciation 

of inorganic arsenic in the mixed standard solutions of As(V) and As(III) 
at three different concentration ratios, as well as the environmental 
water CRM (GBW08605). Under optimal conditions, As(V) and As(III) 
can be simultaneously captured onto SMNPs-(NH2 + SH) and then 
sequentially eluted by different eluents selectively. It can be found from 
Table S6 that the concentrations of As(V) and As(III), and total As were 
all in excellent agreement with the known or labeled values. Moreover, 
in order to demonstrate the applicability of the method in true waters, 
drinking (tap) and environmental (rain, lake and river) water samples 
were analyzed for the two inorganic arsenic species (Table 2). The re
coveries for the fortified water samples ranged from 92 to 102 % and 
from 92 to 100 %, respectively, with the RSDs from 3.6 % to 7.4 % and 
from 2.3 % to 8.2 %, proving the excellent reliability of the proposed 
arsenic speciation analytical procedure based on SMNPs-(NH2 + SH) to 
real-world water samples. 

4. Conclusions 

The novel bifunctional magnetic nanocomposite SMNPs-(NH2 + SH) 
was prepared facilely and utilized efficiently as MSPE matrix for speci
ation analysis of inorganic arsenic. As(V) and As(III) can be captured 
respectively by amino- and mercapto-groups on the sole adsorbent in a 
wide pH range thorough electrostatic and coordination interactions at 
the same time. The stability of labile inorganic species was preserved 
during the adsorption step because no oxidation or reduction operation 
was pre-executed. To the best of our knowledge, this is the first attempt 
to synthesize a multifunctionalized magnetic nanomaterial for non- 
aggressive speciation analysis of inorganic arsenic. This MSPE-ICP-MS 
method has been successfully applied to the speciation analysis of 
inorganic arsenic in drinking and environmental water samples after 
validation by comparing the analytical results with the labeled values of 
corresponding CRM and checking the spiking recovery for real water 
samples. The simultaneous adsorption on a single adsorbent and step
wise desorption endowed the bifunctionalized magnetic nanomaterial 
with the strong ability to separate and enrich other native elemental 
species by MSPE. 
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Fig. 4. Reusability of SMNPs-(NH2 + SH). Adsorbent amount: 10 mg; Solution 
pH: 4.0; Concentration of As(III) or As(V): 20 μg L− 1; Sample volume: 50 mL; 
Extraction time: 40 min; Eluent: 5.0 mL of HNO3 3.0 % (v/v) for As(V) and 5.0 
mL of 3 % HNO3 + 4 % (m/v) MSA (v/v) for As(III); Elution time; 5 min. Error 
bar represents the standard deviation of triplicate analysis. 
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Table 1 
Comparison of SMNPs-(NH2 + SH) to other bifunctional materials for the speciation of inorganic arsenic coupled to ICP-MS.  

Materials Synthesis process Separation mode Max. adsorption capacity (mg g− 1) Enrichment factor LOD (ng/L) Reusability Ref. 
As(V) As(III) As(V) As(III) As(V) As(III) 

Silica-(NH2 + SH) Post Batch SPE 0.29a 2.70a N/A N/A 41 41 Unable [58] 
HM-(NH2 + SH) One-pot Syringe SPE 11.7b 10.4b 20/3 20/3 15 25 N/A [59] 
HMC-(NH2 + SH) One-pot Needle SPME 1.71c 

(1.32*)c 
4.13c 

(3.18*)c 
20 20 12.5 25 Yes (6) [60] 

SMNPs-(NH2 + SH) One-pot on SMNPs MSPE 2.81d 3.08b 3.92d 4.41b 10 10 15.2 24.5 Yes (6) This work 

N/A: Not available. 
a Dubinin-Radushkevich isotherm curve. 
b Langmuir isotherm curve. 
c Breakthrough curve based on continuous flowing of a fixed concentration of target analyte (Frontal analysis). 
d Breakthrough curve based on batch adsorption of different concentrations of target analyte. 
* μg (cm column length)− 1. 

Table 2 
Speciation analysis of As(V) and As(III) in drinking and environment water 
samples (mean ± SD, n = 4).  

Sample Spiked (μg 
L− 1) 

Found (μg L− 1) Recovery (%) RSD (%) 

As 
(V) 

As 
(III) 

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

As 
(III) 

As 
(V) 

As 
(III) 

Tap 
water 

0 0 0.24 ±
0.02 

0.19 ±
0.02 

– – – – 

0.4 4 0.60 ±
0.03 

4.00 ±
0.23 

93 95 5.0 5.8 

0.6 6 0.84 ±
0.03 

6.02 ±
0.24 

100 97 3.6 4.0 

Rain 
water 

0 0 1.06 ±
0.05 

0.64 ±
0.06 

– – – –  

0.4 4 1.40 ±
0.08 

4.63 ±
0.16 

96 100 5.7 3.4  

0.6 6 1.69 ±
0.09 

6.39 ±
0.15 

102 96 5.3 2.3 

Lake 
water 

0 0 1.34 ±
0.06 

1.63 ±
0.11 

– – – –  

0.4 4 1.62 ±
0.12 

5.20 ±
0.43 

93 92 7.4 8.2  

0.6 6 1.80 ±
0.11 

7.28 ±
0.33 

92 95 6.1 4.5 

River 
water 

0 0 0.29 ±
0.02 

0.21 ±
0.02 

– – – – 

0.4 4 0.64 ±
0.03 

3.97 ±
0.19 

93 94 4.6 4.7 

0.6 6 0.90 ±
0.05 

6.13 ±
0.21 

101 98 5.5 3.4  
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