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HIGHLIGHTS GRAPHICAL ABSTRACT

eA novel amine- and carboxyl-
bifunctionalized magnetic nano-
composite was developed.

o The zwitterionic material was used as e o
MSPE adsorbent for chromium species s s
enrichment.

TEOS + NH: (ag)

Sokgel process

e No oxidation or reduction is needed for
Cr(VD) and Cr(IlI) before separation by
MSPE.

e The stability of inorganic chromium
species is kept during the adsorption
procedure.

e The facile MSPE method has been
applied to environmental water analysis
with ICP-MS.

ARTICLE INFO ABSTRACT
Keywords: 3-(2-Aminoethylamino)propyltriethoxysilane and carboxyethylsilanetriol sodium salt were grafted on silica-
Amino- and carboxyl-bifunctionalized mag- coated Fe304 nanoparticles via sol-gel process to prepare novel amine- and carboxyl-bifunctionalized mag-

netic nanoparticles

Chromium species

Magnetic solid phase extraction (MSPE)
Inductively coupled plasma-mass spectrometry

netic nanocomposites (SMNPs-(NH; + COOH)). After well characterized, this doubly functionalized material was
used as magnetic solid-phase extraction (MSPE) adsorbent to separate and enrich inorganic chromium species
followed by inductively coupled plasma-mass spectrometry detection. The optimization of MSPE operation pa-

rameters including pH was conducted. It is reasonably elucidated that the adsorption mechanisms of zwitterionic
SMNPs-(NH, + COOH) towards chromium species are electrostatic and/or coordination interactions. Cr(VI) and
Cr(III) can be adsorbed around pH 3.0 and around 10.0 respectively with strong anti-interference ability not only
from other co-existing ions but also from the two labile species each other, and eluted by dilute nitric acid
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solution. With a 15-fold enrichment factor, the limits of detection of Cr(VI) and Cr(III) were 0.008 and 0.009 pg
L1, respectively, profiting from the maximum adsorption capacities of 7.52 and 6.11 mg g~ . The just one
magnetic extraction matrix based speciation scheme possesses excellent convenience and friendliness to Cr(VI)
and Cr(Il) without any oxidation or reduction prior to capture of these two species. This protocol has been
successfully applied to the speciation analysis of inorganic chromium in real-world environmental water

samples.

1. Introduction

Chromium (Cr) is widely utilized in a variety of industrial applica-
tions, such as the fabrication of stainless steel, preservation of wood,
leather tanning, textile manufacturing, photography, electroplating, and
dying, etc. Its inappropriate consumption resulted in substantial Cr
pollution in the environment, being ingested orally as well as inhaled by
humans, which has been a major concern [1,2]. Cr is present in the
natural environment mostly in its two inorganic oxidation forms, hex-
avalent chromium (Cr(VI)) and trivalent chromium (Cr(III)) [3-5]. Cr
(VD) is very hazardous owing to causing some diseases such as skin al-
lergies, inflammation and necrosis, etc., and moreover has been iden-
tified as a human carcinogen [3,6]. The existence of Cr(VI) in water
bodies mainly comes from industrial wastewater discharges due to
anthropogenic activities [7]. The World Health Organization (WHO)
[8], and State Administration for Market Regulation of China and
Standardization Administration of China [9] have set the maximum
contamination limit (MCL) of hexavalent chromium in drinking water at
0.05 mg L7!, although the United States Environmental Protection
Agency (EPA) proposed a MCL of 0.1 mg L' earlier [10]. In contrast, Cr
(IT) is thought to be an important trace element for vertebrates in
glucose metabolism and for proper human function [4,11]. However,
the studies in the past decade pointed out that large amount of Cr(IIl)
may be poisonous to organisms in soils [12,13]. Since different inor-
ganic chromium species demonstrate a broad range of toxicity and state
lability in the surroundings, it is climacteric to create extremely sensi-
tive, selective, and non-invasive speciation analysis methods of chro-
mium, especially with innovative separation materials for chromium
species [14,15].

It is hard to differentiate oxidation or combination forms of an
element by graphite furnace atomic absorption spectrometry (GF-AAS),
atomic fluorescence spectrometry (AFS), inductively coupled plasma-
optical emission spectrometry (ICP-OES) and inductively coupled
plasma-mass spectrometry (ICP-MS), etc., therefore, various types of
separation approaches have been developed in combination with these
common atomic spectrometry or mass spectrometry for the estimation of
inorganic chromium species, for example, co-precipitation [16], cloud
point extraction (CPE) [17], packed microcolumn solid phase extraction
(SPE) [18], disperse solid phase extraction (DSPE) [19], magnetic solid
phase extraction (MSPE) [14,20], capillary monolithic column solid
phase microextraction (SPME) [21-23] and so on. Most of the sample
pretreatment procedures were carried out by means of functionalized
solid phase materials. Among them, MSPE based on magnetic nano-
composites has become a greatly effective pretreatment technique due
to its benefits such as easy operation, fast separation, large surface area,
low organic solvent consumption, good reusability, and environment
friendship. Due to above-mentioned merits, in recent years, many re-
searchers have been more interested in the development of magnetic
nanoparticles materials, and MSPE procedure has been used for sepa-
ration and enrichment of metals/metalloids and their species from
diverse environmental samples [24].

The key in MSPE technology is to find the right adsorbents in order to
achieve high selectivity, enrichment factor, adsorption capacity and
recovery. Based on the interactions towards different elemental species,
various functional groups have been used for the speciation and removal
study of trace elements including chromium. For example, the amino
group was utilized to favorably adsorb As(V), Cr(VI) and Se(VI) [18], Cr

(VD) [21] and As(V) [25-29], thiol group for Te(IV) [30], As(IIl) [29,
31-33], and carboxyl group for Cr(III) [19,23], Cr(III) and Sb(III) [22].
Polysulfide rubber (PSR) polymer was synthesized and coated on gran-
ular activated carbon (AC) to obtain PSR modified AC (AC-PSR). The
thiol group of PSR was reported to reduce aqueous Cr(VI) to Cr(III) for Cr
(VD) removal [7]. In addition to these common functional groups, several
chelating ligands have been used to decorate adsorbents or coordinate
species ions. Dithiocarbamate (DTC) grafted silica-coated Fe3O4 mag-
netic nanoparticles modified MOF-199 (MOF-199/Fe304@DTC) was
prepared as the MSPE absorbent for speciation of As(IIl) [34]. Meth-
acryloyl histidine (MAH) synthesized by the reaction of histidine and
methacryloyl chloride was used for speciation analysis of Cr(III) with Cr
(II1)-MAH complex as the monomer of Cr(III)-imprinted polymeric beads
[11]. Octyl-immobilized silica-coated Fe304 magnetic nanoparticles
(C8-Fe304@8Si0O2) were assembled as the MSPE adsorbent for speciation
analysis of Sb(III) as the hydrophobic complex with ammonium pyrro-
lidine dithiocarbamate (APDC) [35]. At the same time, there have been a
few other low-dimensional materials decorated magnetic nano-
composites else fabricated for elemental speciation, for example, GO
modified silica-coated Fe304 magnetic nanoparticles (FesO4@SiO2/GO)
for As(III) [36]. However, as the above mono-functional material can
only adsorb one species of an element, an oxidation or reduction step for
other species to the adsorbable species was required to get total species,
and then the other species was calculated by subtraction, which needed
additional procedure and resulted in inevitable analytical error. One of
solutions to this problem is combing two mono-functional materials
with individual selectivity to two species, for example, two silica
monolithic capillary columns modified with 3-(2-aminoethylamino)
propyltrimethoxysilane (AEAPTMS) and 3-mercaptopropyltrimethoxy-
silane (MPTMS) respectively for speciation analysis of As(V)/Se(VI)
and As(III)/Se(IV) in natural waters [37] and in human hairs [38], a
magnetic Zr-terephthalate (H,BDC) MOF composite (MFC) for selective
adsorption of As(V) and a dimercaptosuccinic acid (DMSA) modified
MFC (MFC-SH) for As(IIT) [39], and two functionalized Fe3O4 magnetic
nanoparticles with 3-aminopropyltriethoxysilane (APTES) and MPTMS
respectively for As(V) and As(III) [29]. Although no additional oxidation
or reduction step was necessary for the inorganic arsenic or selenium
species before separation, this combination strategy spent two kinds of
extraction materials with double runs of loading and elution procedures.
In fact, since As(V) and monomethylarsonic acid (MMA) were
co-adsorbed on the above AEAPTMS-coated silica monolithic capillary
column, additional procedures were conducted further for the speciation
analysis [38].

Some mono-functional materials can respectively adsorb two species
of an element at different pH, for example, amino-functionalized MNPs
for Cr(VI) and Cr(III) [20], carboxyl-functionalized MNPs for As(V) and
As(IID) [40], and zincon-immobilized MNPs (Zincon-Si-MNPs) for Cr(III)
and total Cr [14]. The usual process is that, after extracting one species
at individual sample solution pH, the other species were re-extracted
again when the solution pH was changed. However, the separation
performance is commonly not good enough to meet the requirement of
different species of an element only relying on different attraction forces
of the same functional group such as amino or carboxylic group at
different pH. Sometimes, a subtraction calculation is still needed when
all species of an element were adsorbed at a different pH with one or
more species of this element. In addition, this operation containing two
times loading-elution processes respectively is laborious, which may
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lead to the distortion of unstable species such as inorganic chromium
and arsenic and the introduction of interfering factors. There is another
situation, in which two or more even all species of an element can be
simultaneously captured on a mono-functional adsorbent under the
same loading conditions, such as MMA and As(V) on
amino-functionalized silica monolithic capillary column [38], Hg?* and
methylmercury (CHsHg"™) [41], and Hg*', CHsHg", ethylmercury
(EtHg") and phenylmercury (PhHg') [42] on thiol-functionalized
MNPs. In the first two, the quantitative elution of As(V) and MMA was
carried out by using 0.01 and 0.1 mol L™! HNOg, respectively, followed
by detection with ICP-MS; the quantitative elution of CHzHg" and total
mercury (THg, designated as total of Hg?" and CH3Hg") was achieved
with 1.5 mol L' HCl containing 0.01 % and 3 % thiourea (m/v),
respectively, followed by ICP-MS detection and the level of Hg?* was
obtained by subtracting CH3Hg™ from THg, which was difficult to avoid
analytical error. In the last one, a chip-based magnetic solid-phase
microextraction (MSPME) system was assembled as a sample extrac-
tion unit and online integrated with micro high-performance liquid
chromatography (microHPLC)-ICP-MS for the speciation of four mer-
cury species, in which an elaborately designed microHPLC was equipped
prior to ICP-MS.

Due to the differences in physical and chemical characteristics of Cr
(VD) and Cr(IIl), it is challenging to obtain selective extraction and
assessment of both chromium species utilizing adsorbents containing
single functional group. Throughout the last over a decade, the limita-
tions of mono-functionalized material have prompted the development
of multi-functionalized materials. When compared to the strategy of
integrating several single-functionalized materials, multi-functional
adsorbents have gradually raised concern to be employed for sepa-
rating and enriching diverse element species with many advantages, in
particular, cost-saving and simple operation. However, there have been
few reports of doubly functionalized adsorbents for elemental speciation
analysis including amine- and thiol-bifunctionalized silica gel [43],
amine- and thiol-bifunctionalized mesoporous silica [44], amine- and
thiol-bifunctionalized hybrid monolithic column [45], amine- and
carboxyl-bifunctionalized hybrid monolithic column [46], and amino-
and thiol-bifunctionalized magnetic nanocomposites [47]. Only one of
these materials was for speciation analysis of inorganic chromium. Zhao
et al. from our group developed amine- and carboxyl-bifunctionalized
hybrid monolithic column via “one pot” and utilized it as a
needle-SPME matrix for direct separation and enrichment of Cr(VI) and
Cr(III), with no oxidation/reduction treatment [46]. In addition, Shev-
chenko et al. developed a thiol- and sulfonic acid-bifunctionalized
mesoporous silica, where the thiol group converted Cr(VI) to Cr(III) by
reduction reaction and the sulfonic acid group captured the converted Cr
(I for its immobilization [4]. Pourghazi et al. functionalized Fe3O4
nanoparticles with APTES followed by modification with 3-mercapto-
propionic acid (MPA) (MPA-APTES-MNPs) for MSPE in combination
with GF-AAS to determine As(V) in drinking waters including tap and
mineral waters [48]. In spite of a bifunctional adsorbent, this
MPA-APTES-MNPs containing amino and carboxyl groups in series
prepared by twice modifications was not used in speciation analysis of
As(V) and As(1II) simultaneously. Jang and Lim used APTES to cova-
lently bond amino groups to silica coated Fe3O4 and then decorated the
nanoparticle surface with tandem amido and carboxyl groups through
the reaction of —NHj; and glutaric anhydride. However, this amido- and
carboxyl-bifunctionalized magnetic material was further modified by
biotin and ethylenediaminetetraacetate (EDTA) by using N-(2-amino-
ethyl) biotinamide hydrobromide and 1-(4-aminobenzyl)ethyl-
enediamine-N-N-N'-N'-tetracetic acid (Aminobenzyl EDTA),
respectively, for enrichment of proteins and metal ions, rather than
elemental speciation [49].

To our best knowledge, there has been no work of multi-functional
magnetic materials reported for chromium speciation by MSPE so far.
Therefore, it is very interesting to develop bifunctionalized magnetic
nanocomposites for non-invasive speciation analysis of inorganic
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chromium. In this work, FesO4 magnetic nanoparticles (NMPs) were
coated by silica (SMNPs) and then modified with amine and carboxyl
groups simultaneously through sol-gel method. This prepared zwitter-
ionic (SMNPs-(NH; + COOH)) can adsorb Cr(VI) and Cr(III) at different
pH that eliminates the interference of non-target species and the
adsorbed inorganic chromium species can be eluted by dilute acidic
solution without the requirement of double adsorbents, oxidation or
reduction step, and subtraction calculation. This bi-functional nano-
material has been applied as MSPE sorbent for direct and non-invasive
speciation analysis of inorganic chromium in drinking and environ-
mental waters in combination with ICP-MS detection.

2. Materials and methods

The reagents, materials, samples and apparatus used in this work
were itemized in detail in Supplementary Material Text S1.

2.1. Synthesis of SMNPs-(NH2 + COOH)

Fe304 magnetic nanoparticles (MNPs) and silica coated magnetite
nanoparticles (SMNPs) were prepared via solvothermal and sol-gel
methods, respectively. The specific synthesis process was explained in
Supplementary Material Text S1. The one-pot synthesis of amino- and
carboxyl-bifunctionalized magnetic nanocomposite (SMNPs-(NHy +
COOH)) was accomplished by altering SMNPs using AEAPTES and CES.
In detail, SMNPs (0.300 g) were distributed in the mixture of 300 mL
ethanol and 12 mL ultra-pure water in a flask under ultrasonication for
30 min. Then, under nitrogen conditions, 4 mL acetic acid was added to
the mixture. After 5 min mixing, 0.300 mL AEAPTES and 0.600 mL CES
were blended together and injected dropwise into above mixture and
stirred at 90 °C for 6 h. A permanent magnet was used to separate
particles from the solution, which were then cleaned with ethanol and
water. The final magnetic product containing amino and carboxyl
groups was dried at 60 °C for 24 h. The whole synthetic process from
Fe304 MNPs to SMNPs, and subsequently to novel bifunctional material
SMNPs-(NH; + COOH), is depicted in Fig. 1.

2.2. Speciation analysis process

The bifunctional nanomaterial SMNPs-(NH; + COOH) can selec-
tively adsorb Cr(VI) and Cr(III) in different pH ranges. Fig. S1 illustrates
the operating method of MSPE-based separation, enrichment and
speciation analysis of inorganic chromium. That is, 45 mL aqueous so-
lution containing Cr(VI) was used, and the pH was kept at 3.0 by adding
0.3 mol L™! NH;3-H,0 and/or 0.3 mol L™! HNOs. After dispersing 15 mg
of SMNPs-(NHy + COOH), the sample solution was shaken for 30 min to
achieve equilibrium. Subsequently, the adsorbed Cr(VI) on the adsor-
bent was eluted with 3 mL of 10 % HNOs (v/v) in 10 min. The super-
natant was transferred into a centrifuge tube for ICP-MS analysis of Cr
(VI) concentration under the optimum operation conditions (Table S1).
For Cr(IIl), the MSPE process was almost same to that for Cr(VI), with
the exception of adjusting the pH of the sample solution to 10.0 prior to
extraction.

3. Results and discussion
3.1. Characterization of synthesized magnetic nanomaterials

Magnetic nanoparticles were observed using SEM and TEM to
determine their size and shape. MNPs, SMNPs, and SMNPs-(NH;
+ COOH) have a uniform quasi-spherical form with average diameters
of 210, 275 and 350 nm, respectively, as shown in the SEM images in
Fig. S2(A-C). The rough surface of SMNPs-(NH; + COOH) nanoparticles
was visualized in TEM images (Fig. S2(D-F)). The EDX analysis indi-
cated the chemical composition and weight percentages of N, Na, C, Si,
O, and Fe with respect to each material as given in Fig. S3. Compared
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SMNPs-(NHA+COOH)

Fig. 1. Schematic diagrams of synthesis process of SMNPs-(NH; + COOH).

with Fe and O in MNPs, there were C, Si, O, and Fe in SMNPs. The N, Na,
C, Si, O, and Fe weight percentages in SMNPs-(NHy + COOH) were
5.16 %, 1.88 %, 17.53 %, 9.69 %, 43.53 %, and 22.21 %, respectively.
These all implied the modification of TEOS, AEAPTES, and CES on Fe3O4
MNPs. The uniform distribution of C, N, O, Na, Si, and Fe elements were
supported by elemental mapping as shown in Fig. S4.

The FT-IR spectra of MNPs, SMNPs, and SMNPs-(NHy + COOH)
nanoparticles are shown in Fig. S5. The stretching vibration of the Fe—0O
bond was related to characteristic absorption peaks at 596 cm ™!, The Fe-
O peak reduced from Fe304 to SMNPs-(NH; + COOH) reflected that the
functional groups were effectively wrapped on the Fe304 MNPs outer
edge. Additionally, the Si-O in-plane bending vibration of the silanol Si-
OH groups can be seen at 949 cm ™}, the strong silicon-oxygen covalent
bond vibrations emerged mostly in the 1099-999 cm ™" region, and the
symmetric stretching vibrations of Si-O-Si existed at 801 cm™! in the
spectra of SMNPs and SMNPs-(NH; + COOH), indicating the presence of
strong silica layers. On the other hand, some bands in the
2990-2870 cm ™! range were attributed towards the C-H bond sym-
metric and asymmetric stretching of the -CH;-groups. The occurrence of
a peak at 3415 cm™! was ascribed to O—H or N—H bond stretching
vibrations. The existence of two additional bands in the spectrum of
SMNPs-(NH, + COOH) nanomaterial at 1713 cm_l, and 1448 and
1541 cm ™! corresponded to COO- group and C-N group, respectively,
confirming that CES and AEAPTES were grafted on SMNPs [46,50].

XRD, TGA and VSM measurements of MNPs, SMNPs, and SMNPs-
(NH;3 + COOH) were described in detail in Supplementary Material Text
S2 with the corresponding curves (Fig. S6, Fig. S7 and Fig. S8 for XRD,
TGA and VSM respectively).

As shown in Fig. 2, the zeta potentials were measured to examine the
net surface charges of MNPs, SMNPs, and SMNPs-(NH; + COOH) from
pH 1.0 to 11.0, which represented the surface modification of Fe3O4
MNPs. Similar to our earlier findings [29,47], the zeta potentials of
MNPs and SMNPs were pH-dependent, with isoelectric points (IEPs) of
pH 6.5 and pH 2.4, respectively. The zeta potential of SMNPs-(NH,
+ COOH) gradually increased from 29.77 mV at pH 1.0 to 53.66 mV at
pH 3.0 and then decreased to O at pH 5.8 (i.e. IEP), and unceasingly to
-58.23 mV at pH 10.0 and then increased to — 35.26 mV at pH 11.0.
This variation in zeta potential is ascribed to the counteraction of
charges of protonated amino and/or ionized carboxyl groups on SMNPs
with the variation of pH. As compared to SMNPs, the IEP of zwitterionic
SMNPs-(NH; + COOH) changed from pH 2.4 to pH 5.8, which demon-
strated amino and carboxyl decorated on SMNPs.

XPS was used for further evaluating the bifunctional material
SMNPs-(NH, + COOH) (Fig. S9). The XPS survey scan suggested the
existence of discrete C 1s, O 1s, N 1s, and Si 2p core-levels. The detail C
1s spectra of the prepared material are shown at the top right. Among
the six deconvoluted peaks of C 1s, the binding energies of C-O, C=O0,
C-N and C-Si were assigned 286.2, 288.1, 288.2 and 283.5¢V,
respectively. Moreover, the atomic concentration table at the top left
indicated a considerable presence of nitrogen element. All of the pre-
vious evidence revealed that amino and carboxyl groups were effec-
tively coated on the SMNPs-(NHy + COOH) material.

3.2. Optimization of MSPE conditions

To assure the efficacy of the amine- and carboxyl-bifunctionalized

(]
-

—a— MNPs
—— SMNPs
—A— SMNPs-(NH,+COOH)

Zeta potential (mV)
)
(—]
bt

-40 =

-60

Fig. 2. Zeta potentials of MNPs, SMNPs and SMNPs-(NH, + COOH) as a function of pH.
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magnetic nanocomposites-based MSPE technique for inorganic chro-
mium speciation, the separation performance-influencing parameters,
such as solution pH, solution volume, adsorbent dose, loading time,
eluent composition and volume, elution time, and adsorbent reusability
were optimized.

3.2.1. Influence of pH on adsorption

The solution pH has a significant influence on the adsorption
behavior of Cr(VI) and Cr(III) onto SMNPs-(NH; + COOH), due to pH is
a critical factor influencing the distribution of chromium species and
surface property of the zwitterionic adsorbent. To evaluate the influence
of pH, 45 mL of sample solution containing 20 pg L~ of Cr(VI) or Cr(IIT)
was used in the pH range of 1.0-10.5. Loaded Cr(VI) or Cr(III) on the
adsorbent was separated with a magnet, and remaining Cr(VI) and Cr
(III) in respective raffinate solutions were determined by ICP-MS. As can
be observed in Fig. 3, Cr(VI) and Cr(III) can be adsorbed selectively on
surface of SMNPs-(NH, + COOH) adsorbent around pH 3.0 and around
pH 10.0, respectively. This phenomenon might be explained by the
electrostatic force caused by amino and carboxyl groups [19,20,46,51],
and the coordination interaction produced by carboxyl group [22,23,
52]. In detail, the dissociation constant (pK,) values of two amino groups
in AEAPTES are 6.8 and 9.3, respectively. When the solution pH was
lower than 6.8, the amino groups of AEAPTES were mostly protonated,
denoted by the symbol AHZ" (-NH3-CH,-CH,-NH3). As pH increased,
AH3' slowly deprotonated to AH' (-NH3-CHy-CHy-NH, and
-NH-CH,-CH,-NH3) and then to A (-NH-CH,-CH,-NH,). Based on its pK,
value of 4.4, the carboxyl groups of CES existed mainly as neutralized
-COOH under strongly acidic medium, and then dissociated as mono-
valent anions (-COO") in weakly acidic and alkaline solutions. During the
pH range studied, Cr(VI) was always present as anions, HCrOz, Ccrofy
and/or Cr20%', whereas Cr(III) was mostly as cations (Cr3+, Cr(OH)2+ or
Cr(OH)3) [46]. As shown in Fig. 3, between pH 4.0 and 9.0, amino and
carboxyl groups may be antagonistic owing to their opposing charges.
This may impair the interactions between amino groups and Cr(VI)
and/or between carboxyl groups and Cr(IIl) in this pH range. Therefore,
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in the next studies, sample pH of 3.0 and 10.0 were used for adsorbing Cr
(VI) and Cr(III) with SMNPs-(NHy + COOH), respectively.

3.2.2. Influence of loading condition on adsorption

The influence of amount of SMNPs-(NH; + COOH) on adsorption
rate of inorganic chromium was investigated in the range of 2.5-20 mg
for 45 mL solution containing 20 pg L~! Cr(VD) or Cr(IIl) at pH 3.0 or pH
10.0 respectively, and the findings are presented in Fig. S10(A). The
adsorption rates of the two inorganic chromium species began to rise
with increasing adsorbent dosage from 2.5 to 10 mg, reaching over 90 %
when 15 mg or more were utilized for 30 min. As a result, an SMNPs-
(NHz + COOH) quantity of 15 mg was chosen for the ensuing loading
process. As shown in Fig. S10(B), the impact of loading time ranging
from 5 to 120 min on the adsorption of Cr(VI) or Cr(Ill) at their
respective solution pH was investigated. The adsorption rates of the
chromium species increased steadily as the contact duration increased
from 5 to 30 min, and then levelled off with a quantitative adsorption of
more than 90 %. As a consequence, in the next experiment, a loading
period of 30 min was used. The effect of sample volume on Cr(VI) or Cr
(III) adsorption was examined using varying volumes (5-100 mL) of
solution. When the sample volume was 5-45 mL, Cr(VI) or Cr(III) was
caught with a reasonable adsorption rate of above 90 %, as shown in
Fig. S10(C), and the adsorption was thereafter significantly decreased.
Therefore, the sample volume was set to 45 mL to achieve a relatively
high enrichment factor.

3.2.3. Influence of elution condition on desorption

A suitable eluent is important for the quantitative elution of the
captured target species from the adsorbents, as well as necessary for the
following ICP-MS determination. The sample pH experiment results
reminded that both Cr(VI) and Cr(III) were hardly adsorbed on SMNPs-
(NH; + COOH) under strong acidic conditions. Based on this, nitric acid
was chosen as the eluent to release the adsorbed Cr(VI) and Cr(III) from
the bifunctional material. As shown in Fig. S11(A), the recoveries of Cr
(VD) and Cr(IIl) increased with increasing HNOj3 concentration and

100

&
=
e’
-]
-
& E
}
5
= 40 -
(=5
j =
o E
n
=
<
20 <

H\HH
/

—B— SMNPs-(NIL+COOH)-Cr(VI)
—®— SMNPs-(NH,+COOH)-Cr(I11)

T
0 1 2 3 4

6 7 8 9 10 11
pH

Fig. 3. Effect of pH on the adsorption rates of Cr(VI) and Cr(III) (each of 20 pg L™Y) on SMNPs-(NH, + COOH). Adsorbent amount: 15 mg; Sample volume: 45 mL;
Adsorption time: 30 min. Error bar represents the standard deviation of triplicate analysis.
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approached above 95 % when HNOj3 concentration was 10 % (v/v). To
improve accuracy, 10 % HNO3 was utilized as the eluent in subsequent
trials. For rapid analysis, the influence of elution time on the desorption
of Cr(VI) and Cr(III) was examined in the range of 1 to 15 min Fig. S11
(B) indicated that the recoveries of two inorganic chromium species
were increased with extended elution time from 1 to 10 min, and then
stayed constant. Therefore, the elution time was set as 10 min. Mean-
while, the effect of eluent volume on the desorption of Cr(VI) and Cr(III)
was investigated respectively in the 1-5 mL range. Fig. S11(C) demon-
strated that the recoveries of Cr(VI) and Cr(III) were increased with
increasing eluent volume from 1 to 3 mL, and then remained steady.
Considering the enrichment factor, the optimized eluent volume was
finally set to 3 mL.

3.2.4. Reusability of SMNPs-(NH, + COOH)

The reusability of SMNPs-(NHy + COOH) was evaluated under the
optimal MSPE conditions. The recoveries of Cr(VI) or Cr(III) through the
repeat loading-elution cycles were illustrated in Fig. S12. After five
consecutive magnetic extraction operations, there was no obvious
decline in recoveries. This result demonstrated that the bifunctional
adsorbent possesses high chemical and mechanical stability.

3.3. Adsorption isotherm model and mechanism

The adsorption capacities of Cr(VI) and Cr(III) on SMNPs-(NHy
+ COOH) were given in detail in Supplementary Material Text S2, with
their isotherms (Fig. S13) as well as the fittings of adsorption to Lang-
muir and Freundlich models respectively (Fig. S14 and Table S2). It was
demonstrated that the attraction of Cr(VI) and Cr(III) towards SMNPs-
(NH; + COOH) is attributed to a monolayer chemical adsorption.
Meanwhile, the corresponding adsorption mechanisms were elucidated
as follows.

As shown in Fig. 2, the zeta potential of zwitterionic SMNPs-(NH;
+ COOH) gradually arose from 29.77 mV at pH 1.0 to the maxima value
of 53.66 mV at pH 3.0 where adsorption rate of Cr(VI) on the adsorbent
was more than 90 % due to the strong electrostatic attraction between
anionic Cr(VI) and positively changed amino groups of AEAPTES. Sub-
sequently, the zeta potential declined through IEP at pH 5.8 to
— 58.23 mV at pH 10.0 where adsorption rate of Cr(III) on the adsorbent
was also more than 90 % due to the synergetic effect of electrostatic
attraction and coordination interaction between cationic Cr(III) and
negatively charged carboxyl groups of CES. Finally, the zeta potential
recovered to — 35.26 mV at pH 11.0 where the synergetic effect espe-
cially the electrostatic attraction was weakened that is why adsorption
rate of Cr(IIl) decreased hereafter. The peaks of zeta potential of SMNPs-
(NHz + COOH) at pH 3.0 and pH 10.0 perfectly corresponded to the
maximum adsorption rates of Cr(VI) and Cr(IIl) respectively on the
bifunctional material.

The adsorption mechanism of SMNPs-(NHy + COOH) towards Cr(VI)
and Cr(III) was further explained by XPS measurement. The magnetic
nanocomposites adsorbing Cr(VI) at pH 3.0, Cr(III) at pH 10.0, and Cr
(VD&Cr(III) at pH 3.0 and pH 10.0, respectively (loaded adsorbents
donated as SMNPs-(NH; + COOH)+ Cr(VI)-3, SMNPs-(NH; + COOH)+
Cr(II1)-10, SMNPs-(NHy + COOH)+ Cr(VD)&Cr(III)-3, and SMNPs-(NH;
+ COOH) + Cr(VD)&Cr(II)-10, correspondingly) were prepared for XPS
analysis to characterize the attraction of the bifunctional material to Cr
(VD) and Cr(III) (Fig. S15). The related atomic percentage results listed in
Table 1 indicated that the element Cr emerged in all SMNPs-(NHy
+ COOH) + Cr(VI), SMNPs-(NH, + COOH) + Cr(III) and SMNPs-(NH,
+ COOH) + Cr(VD&Cr(IlI) in comparison with pristine SMNPs-(NH;
+ COOH). As show in Fig. S16(A), the binding energy of N 1s of SMNPs-
(NH; + COOH) is 399.17 eV. After absorbing Cr(VI) and Cr(III) at pH
3.0 and pH 10.0, respectively, the binding energies moved to 399.87
(Fig. S16(B)) and 399.69 eV (Fig. S16(C)). Comprehensively considering
the charge and electron distribution of N and Cr, we believed that the
interaction mechanism between Cr(VI) and amino at pH 3.0 is
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Table 1
Percentage of revolved elements on SMNPs-(NH, + COOH) before and after
adsorption of chromium species by XPS (atomic%).

No.  Loaded bifunctional material Cls N1ls Ols Si 2p Cr

2p

1 SMNPs-(NH, + COOH) 56.68 1.93 29.43 1150 0.0

2 SMNPs-(NH, + COOH)+ Cr 48.98 1.43 3272 1558 1.30
(VD-3

3 SMNPs-(NH, + COOH)+ Cr 60.77 1.66 2859  7.77 0.70
(Il)-10

4 SMNPs-(NH, + COOH)+ Cr 52.89 1.58 29.85 14.01 1.15
(VD)&Cr(IID)-3

5 SMNPs-(NH, + COOH)+ Cr 57.52 238 26.04 1247 0.93

(VD&Cr(I11)-10

electrostatic attraction. The minor shift in N 1s binding energy of
SMNPs-(NHy + COOH) + Cr(III) was likely caused by alkaline envi-
ronment at pH 10.0. The O 1s spectra of SMNPs-(NH;, + COOH), SMNPs-
(NH5 + COOH)+ Cr(VI) and SMNPs-(NH5 + COOH) -+ Cr(III) are shown
in Fig. S16(D-F). In Fig. S16(D), the O 1s peak with binding energy of
531.66 eV was assigned to the carboxyl oxygen in CES [53]. After
loading with Cr(VI), the O 1s binding energy did not change (Fig. S16
(E)), which indicated there was no interaction between carboxyl and Cr
(VI). While loading with Cr(IlI), the O 1s binding energy slightly
changed to 532.00 eV (Fig. S16(F)), which suggested an interaction
between oxygen and Cr(IIl). The stability of the Cr(III)-COOH complex
increases with the increase in the number of carboxyl groups. As the pH
increases, Cr(IIl) exists in the form of Cr®*, Cr(OH)?** to Cr(OH)3, co-
ordinated with three, two, and one carboxyl groups respectively, whose
stability constants are 9.6, 7.08, and 4.63 respectively, and the Cr
(II1)-COOH complex becomes more unstable at pH 10.0, thus the coor-
dination interaction is actually negligible. Combined with zeta potential
results of SMNPs-(NH;, + COOH), the interaction of carboxyl and Cr(III)
is both electrostatic attraction and coordination interaction, but the
coordination interaction is relatively very weak.

As show in Fig. S17, Cr(VI) or Cr(Ill) peak was observed in the XPS
spectrum of SMNPs-(NH, + COOH)+ Cr(VI)-3 or SMNPs-(NHy
+ COOH)+ Cr(Il)-10, respectively, which proved that two chromium
species were not denatured significantly at their respective pH during
the adsorption process. The detail Cr 2p spectrum of SMNPs-(NH,
+ COOH)+ Cr(VI)-3 can be deconvoluted into four peaks as Fig. S17(A),
in which, 575.61, 576.32 and 577.29 eV were assigned to the binding
energies of CrO7, and 578.63 eV belongs to Cro03” [46]. The detail Cr 2p
spectrum of SMNPs-(NH; + COOH)+ Cr(II)-10 can also be deconvo-
luted into four peaks as Fig. S17(B), in which, 575.37, 576.13, 576.92
and 578.35 were assigned to the binding energies of Cr(CO0)$ ™7, Cr
(CO)3+, Cr(OH) §™* and crt, respectively [22,23]. Besides, for
SMNPs-(NH; + COOH) adsorbing two inorganic chromium species, the
detail Cr 2p spectrum of SMNPs-(NH; + COOH)+ Cr(VI)&Cr(II)-3 was
the same as that of SMNPs-(NH, + COOH)+ Cr(VI)-3 (Fig. S17(C)),
which proved that SMNPs-(NH; + COOH) can absorb Cr(VI) selectively
at pH 3.0 without interference from Cr(III), and likewise, the detail Cr 2p
spectrum of SMNPs-(NH; + COOH)+ Cr(VI)&Cr(III)-10 was the same as
that of SMNPs-(NH; + COOH)+ Cr(III)-10 (Fig. S17(D)), which proved
that SMNPs-(NH, + COOH) can absorb Cr(IIl) selectively at pH 10.0
without interference from Cr(VI).

3.4. Analytical performance and application

Before practical speciation analysis of inorganic chromium, the
interference study was carried out as described in detail in Supple-
mentary Material Text S2 with the tolerance limits of main interfering
ions enumerated in Table S3.

Under optimal circumstances, the analytical performance of the
novel SMNPs-(NH; + COOH) based MSPE-ICP-MS protocol was evalu-
ated. The linear range was found to be 0.1-100 pg L™! with r? values of
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0.9952 and 0.9985, respectively, for Cr(VI) and Cr(IIl). The limits of
detection (LODs, described as a 3-fold signal-to-noise ratio) were 0.008
and 0.009 pg L' at a enrichment factor of 15 for Cr(VI) and Cr(I1D),
respectively. The LOD for Cr(VI) was much lower than the allowable
level in drinking and environmental waters. Zhao et al. from our group
developed an amine- and carboxyl-bifunctionalized hybrid monolithic
column and utilized it as a needle-SPME matrix for direct separation and
enrichment of Cr(VI) and Cr(III). The LODs were both 0.007 ug L~! for
Cr(VI) and Cr(IlI) at a enrichment factor of 20 [46]. As for magnetic
nanomaterials, Faisal et al. also from our group developed an amino-
and mercapto-bifunctionalized magnetic nanocomposite and utilized it
as an MSPE matrix for direct speciation of inorganic arsenic. The LOD
were 0.0152 and 0.0245 pg Lt respectively for As(V) and As(III) at a
enrichment factor of 10 [47]. The LODs and enrichment factors of the
SMNPs-(NH; + COOH) were of the same magnitude order with those of
two previous bifunctionalized materials for elemental speciation.

The MSPE-ICP-MS procedure for speciation of inorganic chromium
was verified in two mix standard solutions (S; and Sy) and three types of
actual water samples (tap, lake and river). As shown in Table S4 and
Table 2, Cr(VI) and Cr(III) could be selectively extracted by SMNPs-(NHy
-+ COOH) at their optimal pH conditions, with recoveries of 93-99 %
and 94-98 % for the two inorganic chromium species, respectively, from
mix standard solutions, original and spiked water samples. The findings
of the experiment suggested that the proposed approach can be applied
to the speciation analysis of inorganic chromium in environmental
waters.

4. Conclusions

The doubly functionalized magnetic nanoparticle containing amino
and carboxyl groups has been developed for the first time by using
simple Fe3O4 MNPs and silane reagents, and utilized as an efficient
MSPE matrix for the non-invasive adsorption of inorganic chromium
species. The zwitterionic nanomaterial SMNPs-(NH, + COOH) can
selectively adsorb Cr(VI) and Cr(III) under different pH conditions,
respectively, without changing the original chromium species by the
sole adsorbent thorough electrostatic interaction, and the synergy of
electrostatic and coordination interactions, which was supported by an
elaborate XPS analysis of the bifunctional nanomaterial loading Cr(VI),
Cr(III), and Cr(VI)&Cr(III) respectively at corresponding pH. The sta-
bility of labile inorganic chromium species was preserved during the
adsorption process since neither an oxidation nor a reduction step was
performed beforehand. The reliability and applicability of this MSPE-
ICP-MS method have been validated by using corresponding mixtures
of standard solutions and spiking recovery of the real water samples
analyzed. In view of the advantages of facile preparation, low cost, easy
separation operation, excellent speciation selectivity, good reusability,
and high stability to Cr(VI) and Cr(III), this bifunctional magnetic ma-
terial is a promising alternative for direct speciation analysis of inor-
ganic chromium in real environmental waters.

Environmental Implication

The ecological and health effects of chromium depend strongly on its
chemical forms. Cr(VI) is definitely hazardous and carcinogenic while Cr
(III) may be poisonous to organisms in soils at high level. MSPE based on
magnetic nanocomposites has become an important separation and
enrichment technique prior to elemental speciation. Herein, the
bifunctionalized magnetic nanoparticle containing amino and carboxyl
groups has been developed by using simple MNPs and silanes, and uti-
lized as an efficient MSPE matrix for non-invasive adsorption of Cr(VI)
and Cr(III). This zwitterionic magnetic material is a promising alterna-
tive for direct speciation analysis of inorganic chromium in real envi-
ronmental waters.
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Table 2
Analytical results of Cr(VI) and Cr(Ill) in drinking and environmental water
samples (mean + SD, n = 3).

Sample Spiked (pg Found (pg L) Recovery (%)  RSD (%)
L
Cr Cr Cr (VD) Cr (1IN Cr Cr Cr Cr
(VD) [€119)] (VD [€119)] (VD) (1)
Tap 0 0 0.31 0.18 - - - -
water + 0.02 +0.01
0.4 0.4 0.70 0.57 99 98 4.1 6.4
+0.03 + 0.04
0.8 0.8 1.05 0.95 95 96 8.5 6.8
+0.09 + 0.06
Lake 0 0 0.25 0.34 - - - -
water +0.01 +0.03
0.4 0.4 0.62 0.70 96 94 5.1 6.4
+0.03 + 0.04
0.8 0.8 0.97 1.10 93 96 5.8 5.4
+ 0.06 + 0.06
River 0 0 0.25 0.29 - - - -
water + 0.02 +0.01
0.4 0.4 0.61 0.67 94 96 8.9 6.4
+ 0.05 + 0.04
0.8 0.8 1.02 1.04 97 95 5.9 4.0
+ 0.06 + 0.04
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