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A B S T R A C T

A thiol- and amine-bifunctionalized organic-inorganic hybrid monolithic column was prepared for the first time
via one-pot co-condensation of 3-mercaptopropyltrimethoxysilane, N-(2-aminoethyl)-3-aminopropyltriethox-
ysilane and tetraethylorthosilicate, and utilized for separation and enrichment of inorganic arsenic species.
Various parameters of solid phase microextraction (SPME) operation and analytical performance were also in-
vestigated systematically. Under the optimum condition, both As(III) and As(V) can be adsorbed over a wide pH
range (3.0–8.0) and eluted in turn, in which 3% HNO3 (v/v) was firstly used to selectively release As(V), and
then 3% HNO3 with 0.01 mol L−1 KIO3 or 15% mercaptosuccinic acid (MSA) (m/v) to selectively release As(III).
Meanwhile, the elution mechanism of As(III) and As(V) was elucidated comprehensively, and notably, the novel
eluent, HNO3 + MSA, was recommended for eluting As(III). Therefore, the thiol- and amine-bifunctionalized
organic-inorganic hybrid monolithic column as an ideal SPME matrix for the speciation analysis of arsenic in
environmental waters has the merits of facile preparation, low cost, high adsorption capacity and selective
desorption. In addition, compared with thiol- and amine-bifunctionalized mesoporous silica, the bifunctional
hybrid monolith based SPME protocol with less time and reagent consumption is promising to be applied not
only to filed sampling but also to on-line analysis.

1. Introduction

In recent decades, human activities, such as mining and smelting
processes, industrialization and urbanization, pesticide and fertilizer
usage, waste incineration and wastewater irrigation, give rise to heavy
metal contamination [1]. It is necessary to control the harmful effects of
heavy metal ions through daily monitoring and removal technologies,
due to their toxicity and tendency for bioaccumulation in plants, ani-
mals and human beings [2,3]. Over the years, scientists and engineers
have been making a concerted effort to develop new materials and
methods for the determination of trace elements and their species from
aqueous solution. Solid phase microextraction (SPME), as a simple,
solvent-saving, easy-to-automate, and portable sample preparation
technique, has been applied to trace element speciation studies by se-
lective preconcentration [4]. A variety of adsorbents, such as carbon,
magnetic materials, mesoporous silica, and functionalized inorganic
supports have been employed for the preconcentration of trace

elements with satisfactory results [5]. In contrast to some other solid
materials, significant attention has been paid to monolithic columns
due to their uniform structure, controllable morphology, convective
mass transfer and good adsorption capacity [6]. Moreover, monolithic
columns have a wider range of applications, such as needle-SPME and
on-line capillary solid phase microextraction (CME). Needle-SPME can
be used for on-site processing of water samples without complex
equipment to prevent the sample being contaminated during transport
and storage, and on-line CME is of high sample throughput, low random
error, and strong anti-interference ability [7]. Recently, Hu et al. have
prepared a variety of monolithic columns for SPME-inductively coupled
plasma mass spectrometer (ICP-MS) determination of trace elements.
For instance, they prepared dual silica monoliths modified by mercapto
and amino groups respectively in series for sequential speciation of
inorganic arsenic (IAs) and selenium in natural waters [8], iminodia-
cetic acid modified glycidylmethacrylate (GMA)-co-trimethylolpropane
trimethacrylate polymer monolithic column and mercaptosuccinic acid
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(MSA) modified gold nanoparticles (Au NPs) functionalized GMA-co-
ethylene dimethacrylate (EDMA) polymer monolithic column for trace
rare earth elements analysis in human serum and urine samples [7,9],
TiO2 nanoparticles functionalized methacrylic acid-co-EDMA mono-
lithic column for the analysis of Gd ion and Gd-based contrast agents in
human urine [10], and so on. There are three kinds of monolithic col-
umns, including organic polymer monolithic, inorganic silica mono-
lithic and organic-inorganic hybrid monolithic columns. Because or-
ganic-inorganic hybrid monolithic columns have some merits such as
good biocompatibility, large specific surface area and high mechanical
stability [11], they were preferred in many fields, especially used for
separation [12], among these three kinds of monolithic columns [13].
Functionalized hybrid monolithic columns were generally synthesized
by post modification of inorganic monolithic columns or modified hy-
brid monolithic columns with active groups (vinyl and epoxy, etc.), or
by direct co-condensation of organosilane reagents with tetra-alkox-
ysilanes, either tetraethoxysilane (TEOS) or tetramethoxysilane
(TMOS), called “one-pot”. Organic-inorganic hybrid monolith prepared
via one-pot condensation process could make functional groups evenly
distributed and preparing process simpler.

The contamination of groundwater, soils and drinking water with
arsenic is a worldwide issue [14,15]. Arsenic can constitute a severe
hazard to the whole ecosystem and public human health [16]. Arsenic
is predominantly found as IAs species, As(III) and As(V), in environ-
mental waters. Usually, As(III) is known to be the most toxic and more
difficult to remove than As(V), due to reacting with -SH groups present
in proteins [17,18]. It is not only important to remove As(III) and As(V),
but also necessary for the quantitative determination of each arsenic
species in daily monitoring [4,5]. Because two oxidation states of ar-
senic in environmental waters, As(III) and As(V), have different prop-
erties, the functional groups as specific ligands for each species are not
the same. For example, amine has a strong affinity to As(V) [4,19], but
thiol to As(III) [20–22]. It is difficult to simultaneously adsorb them
with thiol- or amine-monofunctionalized monolithic columns. To date,
the most commonly used method of evaluating both IAs species is to
selectively adsorb As(III)/As(V) firstly, then calculate the other species
by subtraction from the total IAs, or extract the sample again after
adjusting the sample pH [23,24] or transferring the other one to As(III)/
As(V) by pre-reduction/pre-oxidation operation [25–27]. However,
these operations are time-consuming, of operational complexity, and
may cause labile species change and introduce interferences.

Currently, it has become a trend to use a material integrating
multiple functional groups to accommodate the enrichment and se-
paration of different components. Feng et al. improved hybrid mono-
lithic columns with octyl (C8) and sulfo groups for capillary electro-
chromatography (CEC) to analyze theophylline and caffeine in
beverage, and developed a solid phase extraction (SPE)-nano-LC-MS
method with C8- and PO(OH)2-bifunctionalized hybrid monolith to
determine gibberellins [28,29]. Yao et al. prepared a sulfo/vinyl bi-
phasic hybrid monolithic column applying to preconcentration of low
abundance peptides, and a n-octadecanethiol and 3-mercapto-1-pro-
pane-sulfonate modified hybrid monolithic column for CEC to separate
organic molecules [30,31]. Zhang et al. decorated 4-mercaptophe-
nylboronic acid and 2-mercaptoethylamine on the Au NPs modified
GMA-co-poly(ethylene glycol) diacrylate monolith to prepare a hydro-
philic boronate affinity monolithic column for glycoprotein enrichment
[32]. Jiang et al. synthesized a mixed phospholipid (12-methacryloyl
dodecylphosphocholine and 12-methacryloyl dodecylphosphoserine)
functionalized monolithic column for early screening of drug induced
phospholipidosis risk [33]. Wang et al. proposed a boronate-functio-
nalized graphene-coupled poly(guanidinium ionic liquid) interface-free
two-dimensional monolithic material for the separation of multiple
types of glycoproteins [34]. The multifunctional materials that have
been reported are mainly for organic pollutants and biomolecules in
environmental and biological samples, however, relatively rare for
elemental speciation analysis. Eroğlu et al. synthesized thiol- and

amine-bifunctionalized silica by post-modification for speciation/sorp-
tion of IAs [23]. In our previous work, a homemade syringe-based SPE
device with thiol- and amine-bifunctionalized mesoporous silica was
developed and used to simultaneously separate and pre-concentrate As
(III) and As(V) in a single run without changing any sample conditions
[5].

As far as we know, there have been no reports relating multi-func-
tional hybrid monolithic columns, especially synthesized by “one-pot”,
for elemental speciation analysis up to date. Although the syringe SPE
by functionalized mesoporous silica is generally inferior to the needle-
SPME based on the monolithic column with the same functional groups
in aspect of time and reagent consumption, there are many similarities
between mesoporous silica and hybrid monolithic column, and the
synthesis conditions and characterization results of the functionalized
mesoporous silica can provide inspiring reference for the preparation of
the monolithic column decorated by the same functional groups [22].
In view of the advantages of hybrid monolithic column, in this paper, a
novel thiol- and amine-bifunctionalized hybrid monolithic column was
prepared via one-pot process for separation and enrichment of specia-
tion of IAs by needle-SPME. The influences of various parameters of
SPME and the types of eluents for As(III) were also investigated. Then
the bifunctional hybrid monolithic columns as needle SPME materials
were used for the simultaneous speciation analysis of As(III) and As(V)
in environmental waters without changing sample conditions or
transforming arsenic species during whole process.

2. Materials and methods

2.1. Reagents and materials

Cetyltrimethylammonium bromide (CTAB) was purchased from TCI
(Tokyo, Japan). 3-Mercaptopropyltrimethoxysilane (MPTMS) and tet-
raethylorthosilicate (TEOS) were purchased from Alfa Aesar (Tianjin,
China), and N-(2-aminoethyl)-3-aminopropyltriethoxysilane
(AEAPTES) was purchased from Ourchem (Shanghai, China). Mercapto
acetic acid (TGA) and mercaptosuccinic acid (MSA) were purchased
from J&K (Shanghai, China). HNO3 was of guaranteed reagent grade
and obtained from Merck (Zurich, Switzerland). All other chemicals
were at least of analytical grade and used without further purification.
Pure water (18.25 MΩ cm) obtained from a Milli-Q water system
(Millipore, Bedford, MA, USA) was used throughout the experiment.

Stock standard solutions of As(III) and As(V) (1000.0 mg L−1) were
prepared by respectively dissolving appropriate amounts of Na3AsO3

and As2O5 (both of analytical grade, purchased from Johnson Matthey,
UK) in water. Lower concentration standard solutions were prepared
daily by appropriate dilutions from their stock solutions.

2.2. Preparation of thiol- and amine-bifunctionalized hybrid monolithic
capillary column

The fused-silica capillary (Reafine Chromatography Ltd., Hebei,
China) with 530 µm i.d. and 690 µm o.d. was used to prepare the
monolithic capillary column. Prior to preparation, the capillaries were
washed at ambient temperature with 1.5 mol L−1 NaOH (10 h), water
(30 min), 1.5 mol L−1 HCl (10 h), water (30 min), and methanol
(30 min) successively to activate the silanol groups on the wall. Then,
the capillaries were dried under nitrogen flow at 160 °C for 3 h.

The thiol- and amine-bifunctionalized monolithic gels were pre-
pared from a solution containing CTAB, ethanol, water, MPTMS,
AEAPTES and TEOS as illustrated in Scheme 1. The optimal preparation
conditions were as follows: 250 μL ethanol, 100 μL water and 22.2 mg
CTAB were mixed together in a 1.5 mL Eppendorf vial. Subsequently,
160 μL TEOS, 20 μL AEAPTES and 20 μL MPTMS were added into the
above mixture followed by vortexing at room temperature for 30 s and
ultrasonicating at 0 °C for 30 s. The resulting sol was then filled into the
pretreated capillary with a certain length by a syringe. After being
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sealed at both ends with silicone rubber, the capillary was allowed to
further react at 35 °C for 20 h. In the end, the capillary was rinsed with
methanol and water to remove unreacted compounds. After prepara-
tion, the long capillary containing a continuous monolith was cut into
short pieces of 5 cm length.

2.3. Characterization of bifunctional hybrid monolithic capillary column

Scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), elemental analysis (EA), X-ray photoelectric
spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FT-IR)
were employed for the characterization of the synthesized bifunctional
monolithic columns. SEM images were recorded with a Hitachi S-3000
N SEM (Hitachi, Japan) at an acceleration voltage of 10 kV. The com-
position of the monolithic columns was analyzed on an energy dis-
persive X-ray spectroscopy (Hitachi, Japan) and/or an Elementar Vario
EL II elemental analyzer (Elementar, German) using oxygen as the
combustion gas. XPS analyses for monoliths were carried out on a
PHI5000 Versa Probe photoelectron spectrometer (ULVAC-PHI,
Kanagawa, Japan). FT-IR spectra of the monoliths were collected on a
NEXUS 870 FT-IR spectrometer (Nicolet, USA) using KBr pellets.

2.4. Adsorption capacity measurement of the bifunctional monolithic
column

Adsorption capacity is an important factor for the evaluation of
monolithic column performance. Here, frontal analysis of the mono-
lithic column was carried out based on the breakthrough curve ex-
periment recommended by Hu et al. [35]. Briefly, the solution con-
taining 1.0 mg L−1 As(III)/As(V) (pH 4.0) was continuously pumped
through a 5 cm monolithic column at 150 μL min−1. The concentration
of As(III)/As(V) in the effluent was determined by ICP-MS and used to
draw the breakthrough curve. The maximum adsorption capacity was
evaluated based on the breakthrough point, defined as the 5% leakage
of analyte.

2.5. Sample preparation

River water was taken from Yangtze River in Gulou District,
Nanjing. Rain water was collected in our laboratory in the uptown

campus located in Qixia District, Nanjing. The certified reference ma-
terial GBW08605 (Standard environmental water sample) was obtained
from the National Research Center for Certified Reference Materials
(Beijing, China). Each water sample was stored at 4 °C refrigerator and
filtered through a 0.45 µm cellulose acetate membrane prior to use.

2.6. Speciation analysis procedure

In the extraction step shown in Scheme 1, 4.0 mL IAs solution was
allowed to flow through the bifunctional monolithic column at a flow
rate of 150 μL min−1 for the preconcentration of As(III) and As(V). The
flow rate was precisely controlled by a syringe pump (Baoding Longer,
Model BT100). The effluent was collected and 75As was monitored by
an Elan-9000 ICP-MS (Perkin-Elmer, USA) to calculate the adsorption
percentage. In the elution step, 200 μL of 3% HNO3 (v/v) was pumped
through the bifunctional monolithic column to firstly desorb As(V) from
the column and the effluent was collected. Then, 200 μL of 3% HNO3

(v/v) with 0.01 mol L−1 KIO3 or 15% mercaptosuccinic acid (MSA) (m/
v) was pumped through the bifunctional monolithic column to desorb
As(III) and the effluent was also collected. Finally, two portions of the
effluents were directly introduced into ICP-MS for the determination of
As(V) and As(III), respectively. The operating parameters of ICP-MS are
listed in Table S1.

2.7. Statistical analysis

Statistical analyses were performed using SPSS Statistics 20 (IBM
Inc., USA). One-way ANOVA test was used to analyze the differences
between the analytical results of As(III) in standard solutions eluted by
KIO3 and MSA. A statistically significant difference was considered
when p < 0.05.

3. Results and discussion

3.1. Column preparation and characterization

In order to covalently anchor the hybrid polymer to the capillary
wall, the fused-silica capillary was usually pretreated by rinsing with
NaOH and HCl in sequence before syringed pre-polymerization mix-
ture. Effects of acid/base concentration on capillary activation were
studied. Initially, the monolith in capillary columns treated with
1 mol L−1 NaOH and HCl respectively for 2 h could not be tightly at-
tached to the inner wall of the capillary, which might be caused by lack
of enough silanol groups. However, the situation of monolithic column
off the wall was still not significantly improved after extending the
treatment time to 10 h. Then, we tried to adjust the concentration of
NaOH and HCl and found that when capillary pretreated by rinsing
with 1.5 mol L−1 NaOH and HCl each for 10 h, the monoliths were
tightly enough anchored to the capillary wall. Therefore, 1.5 mol L−1

NaOH and HCl were used for pretreating the capillaries for further
experiments.

The synthesis of this bifunctional hybrid monolith was piloted by
our previous work [5], in presence of CTAB as template and with
ethanol and water as cosolvent and coporogen. By a typical one-pot
strategy, the hybrid monolith was prepared through the sol-gel process
with MPTMS, AEAPTES and TEOS as the precursors at low temperature.
The ratio of these three precursors was set to be TEOS: MPTMS:
AEAPTES = 8:1:1 (v/v/v).

Herein, the effects of the composition of the polymerization mixture
and the reaction temperature on the morphologies of the monolithic
columns were investigated. After trying the reaction temperature from
30° to 45°C, we found that the polymerization process was difficult
when the temperature was below 35 °C, but too quick above 35 °C.
Thus, the reaction temperature was set to be 35 °C. In addition, the
effect of the ratios of ethanol to water (v/v) on the preparation of
monolithic column was studied. Silane reagents tended to polymerize

Scheme 1. Schematic illustration of the preparation of thiol- and amine-bi-
functionalized hybrid monolithic capillary column (upper) and workflow of
selective enrichment and separation of inorganic arsenic (lower).
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under alkaline conditions. However, when adding NaOH to the mixture,
the speed of sol-gel was too quick to have enough time to syringe the
pre-polymerization mixture into the capillary column. Fortunately,
since the terminal amino group of AEAPTES itself has a certain weakly
basic, we did not add additional alkaline agent. With increasing ethanol
content, the speed of sol-gel obviously slowed down, while the per-
meability of the column became gradually poor. Finally, a volume ratio
of 5:2 was selected for ethanol to water.

The morphology of the bifunctional monolithic column was ob-
served using SEM (Fig. 1). It could be seen from the cross-sectional
images that the bifunctional monolithic column was not only homo-
geneous but also tightly attached to the inner wall of the capillary. The
porous structure consisted of interconnecting spheres with the diameter
of ~0.3 µm, which were much smaller than the particles of single
amine- or thiol-functionalized hybrid monolithic columns prepared
under the same condition. The uniform and small sizes of the particles
could offer higher surface area for ensuring good enrichment selectivity
of IAs [36], and the macroporous structure would result in low back-
pressure and high permeability.

EA, EDX and FT-IR spectrum of the bifunctional monolithic column
were examined to confirm the existence of mercapto and amino groups
(Table S2, Fig. S1 and S2). In Fig. S2, characteristic bands of the satu-
rated C-H stretching vibrations at 2932 and 2889 cm−1, the C-N

stretching vibrations at 1455 cm−1, the N-H stretching vibrations at
1629 cm−1 and the weak adsorption at 2576 cm−1 caused by -SH
stretching [37] demonstrated that the amino and mercapto groups re-
spectively from AEAPTES and MPTMS had been successfully decorated
onto the monolithic materials. XPS was further used to evaluate and
quantify the elements of the bifunctional monolithic materials. The XPS
survey scan of the bifunctional monolithic materials is shown in Fig. 2,
in which C 1 s, O 1 s, N 1 s, S 2p and Si 2p core-levels existed distinctly.
The detail Si 2p3/2 spectrum of the bifunctional monoliths can be de-
convoluted into four peaks as the upper inset in Fig. 2. 102.0 and
103.4 eV are assigned to the binding energies of oxygen bonded to si-
licon (Si-O), and 101.2 and 102.7 eV belong to the binding energies of
carbon bonded to silicon (Si-C). The detail C 1 s spectrum can be de-
convoluted into six peaks, among them, 285.7 and 287.6 eV were re-
spectively assigned to the binding energies of carbon bonding with
sulfur (C-S) and nitrogen (C-N), and other peaks were shown in the
lower inset of Fig. 2. The existence of the binding energies of Si-C, C-S
and C-N means that there are organosilane in the monolithic material.

In addition, to investigate the stability of the monolithic column, we
pumped water through the monolithic columns with the flow rates
varying in the range of 5–225 μL min−1 using a Labtech P600 HPLC
pump (Beijing, China) and recorded the pressure variation of the
monolithic columns. The column back-pressure was linearly related to

Fig. 1. SEM images of the hybrid monolithic column (A. ×150; B. ×350; C. ×2.00k; D. ×10.0k), amine-functionalized hybrid monolithic column (E. ×5.00k) and
thiol-functionalized hybrid monolithic column (F. ×5.00k).
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the flow rate of water in the whole tested flow rate range (y = 11.99 +
0.36 ×, r2 = 0.998) (Fig. S3), which means the columns have good
mechanical strength.

3.2. Factors influencing the adsorption of IAs

pH is one of the key factors to the adsorption behavior of As(III) and
As(V) onto the adsorbent [10]. As described previously, the solution pH
determines the distribution of arsenic species and surface property of
the bifunctional monolithic column. The effect of solution pH on the
adsorption behaviors of IAs is presented in Fig. 3. As could be seen, As
(III) and As(V) adsorption by the bifunctional monolithic materials is
sensitive to the solution pH [5,8]. The affinity between the material and
As(V) can be described by acid dissociation constant (pKa) values of As
(V), 2.3, 7.0 and 11.5. When the pH is below 8.0, the amino groups are
mainly protonated as -NH3

+, which are affinitive with anionic As(V)
species (H2AsO4

- and HAsO4
2-) in pH range of 3.0–8.0 due to the strong

electrostatic interaction [38]. While As(V) mainly exist as neutral ions
at pH below 3.0, the interaction between As(V) and -NH3

+ is wea-
kened. Similarly, the interaction of As(V) and amino groups also de-
clines, because the amino groups are neutral or deprotonated as -NH-

and As(V) is still anionic. Whereas, the affinity to As(III) can be ex-
plained by the strong chelation of the mercapto groups to As(III) [23].
In concerning pH ranges, the bifunctional monolithic materials show
high adsorption efficiency towards As(III) except that when pH is under
2.0, which results from a high possibility that a little amount of un-
stable As(III) is oxidized to As(V) and thus lowers the efficiency. This

phenomenon has also been found in some other reports [22–24].
Therefore, the bifunctional monolithic materials have the simultaneous
or selective adsorption ability for As(V) and As(III) within different pH
ranges.

The influence of sample flow rate on As(V)/As(III) retention was
investigated by passing 1.0 mL arsenic solution (pH 4.0) through the
monolithic column with the flow rates varying in the range of
20–300 μL min−1. The experiments indicated that the retention effi-
ciency was higher than 98% at the flow rate lower than 200 μL min−1

and decreased as the flow rate continued increasing (Fig. S3). This is
because high flow rates are prone to destroying the monolithic skeleton.
Considering the flow rate of 150 μL min−1 is much more suitable, safe
enough and time-saving, the loading and eluting rates were both
150 μL min−1 for obtaining better precision.

Various volumes of sample solution (1.0, 2.0, 4.0 and 5.0 mL, re-
spectively) containing 50 ng As(III)/As(V) were driven at flow rate of
150 μL min−1 through the monolithic column. No apparent variation in
adsorption of As(III)/As(V) was observed in Fig. S4. Although a large
sample volume can achieve a high enrichment factor, it will take much
more time. So 4.0 mL sample solution was chosen for the SPME of IAs.

The maximum adsorption capacity of the bifunctional monolithic
column was acquired from its breakthrough curve as shown in Fig. S5.
At 5% breakthrough volume, the adsorption capacity of the monolithic
column was found to be 1.32 μg cm−1 (~1.71 mg g−1) for As(V) and
3.18 μg cm−1 (~4.13 mg g−1) for As(III), which is much higher than
our actual application needs.

3.3. Interference study

In order to study the effect of coexisting ions on the separation/pre-
concentration and determination of As(III) and As(V), 1.0 mL of sample
solution containing 10 μg L−1 of each target analyte and a certain
concentration of interfering ion was subjected to the general procedure
under the optimized conditions. The adsorption rates of As(III) and As
(V) were kept in the range of 90–110%. It was found from Table S3 that
the main anions existing in water, such as NO3

-, SO4
2- and Cl-, can be

tolerated up to at least 2 mg L−1, and cations such as Na+, K+ and
Ca2+can reach up to 5 mg L−1. 1 mg L−1 Zn2+, Mg2+, Al3+, Fe3+ and
Ni2+, and 0.1 mg L−1 Cu2+ and Pb2+, which may potentially compete
with arsenic for mercapto and amino sites, did not cause any obvious
change to the results in the determination of the target analytes. These
tolerance limits of coexisting ions were much more than the normal
concentration range of each ion in the environmental waters. Therefore,
the proposed method is highly selective for As(III) and As(V), and could
be applied for the analysis of IAs in real water samples.

3.4. Influence of the eluent and eluent volume

From the experiment of pH effect on adsorption, we knew that As(V)
was not adsorbed by this monolithic column under strong acid condi-
tions, so we used HNO3 as the eluent of As(V). The concentration of
HNO3 as eluent was optimized. It was seen in Fig. 4(A) that the re-
covery of As(V) was increased with the increasing HNO3 concentration,
and the recovery was obtained more than 95% when the HNO3 con-
centration was above 3% (v/v). In order to avoid mercapto groups
oxidized by excessive nitric acid, 3% HNO3 (v/v) was chosen to recover
As(V), and no As(III) was detected in this process.

What is worth mentioning in this work, several kinds of eluents
were utilized to release As(III) from the monolithic column, including
thiourea, TGA, L-cysteine, MSA keeping their concentration at 5% (m/
v) and 0.01 mol L−1 KIO3 with 3% HNO3 (v/v) in the eluents. From the
results in Fig. 4(B), 3% HNO3 (v/v) with 0.01 mol L−1 KIO3 can be
employed to elute by oxidizing As(III) to As(V). The rest eluents desorb
As(III) via coordination interaction with mercapto, carboxyl and/or
amino groups. Thiourea was not ideal for our materials, even though it
had a very good performance of recovering As(III) from a single

Fig. 2. XPS spectra of the bifunctional monolithic column.

Fig. 3. Adsorption rates of As(V) and As(III) on the bifunctional monolithic
column under different pH.
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mercapto material in the existing reports [8], which might be attributed
to the synergistic effect of the amino and mercapto groups [23]. Al-
though L-cysteine has dual amino and mercapto groups, the short
carbon chain leads to a serious steric hindrance effect, so the elution
ability is poor for As(III). The desorption effects of TGA and MSA were
better, because their mercapto and carboxyl groups could form con-
jugate with As(III) and become a stable five-membered ring structure.
Furthermore, the influence of TGA and MSA concentrations on the re-
covery of As(III) was studied in detail. The results given in Fig. 4(C)
indicated that the recovery of As(III) had little dependence on the
concentration of TGA, but became larger with the increasing con-
centration of MSA. The possible reason is that MSA has more steric
hindrance caused by two carboxyl groups, so the desorption capability
was not higher than that of TGA at low concentrations. The presence of
one more carboxyl group could also increase the density of electron
cloud around S atom in mercapto groups to make it more chelating,
which resulted in the chelation dominating at high concentrations. As
(III) adsorbed on the monoliths was quantitatively recovered (> 90%),
when the concentration of MSA was more than 15% (m/v). In the end,
3% HNO3 (v/v) with 0.01 mol L−1 KIO3 or 15% MSA (m/v) were
chosen to elute As(III).

KIO3 can not only oxidize As(III) to As(V), but also oxidize mercapto
groups to sulfonic acid groups, destroying the functional groups on
monolithic surface. It was shown from the reusability results of the
proposed methods in Fig. S6 that adsorption rate of As(III) was reduced
to ~40% after a speciation analysis procedure using KIO3 as the eluent
constituent for As(III). Very interestingly, the adsorption rate did not
change significantly during the five experimental cycles using HNO3

+ MSA to elute As(III), which meant the monolithic column could be
reused at least five times when MSA was used as the eluent component.

To investigate the effect of the eluent volume on the recovery of As
(III)/As(V), 200 μL eluents were continuously applying 5 replicates

(total eluent volume of 1.0 mL) at the elution flow rate of 150 μL min−1,
and the concentrations of As(III)/As(V) in the five effluents were de-
termined by ICP-MS. It was obvious in Fig. 4(D) that an eluent volume
of 200 μL was sufficient for desorbing As(III) using 3% HNO3 (v/v)
whether with 0.01 mol L−1 KIO3 or 15% MSA (m/v), with recovery of
above 90%. The same applied to desorbing As(V) using 3% HNO3 (v/v)
as eluent, with recovery of ~98% as shown in Fig. 4(A). Since the
minimum injection volume of the ICP-MS in our lab is 200 μL, it cannot
be measured accurately if the elution volume is less than 200 μL.
Therefore, the subsequent elution volume was set to 200 μL.

3.5. Preparation reproducibility of the bifunctional monolithic column

To evaluate the preparation reproducibility of the bifunctional
monolithic columns, columns prepared within one batch (n= 6) and
among different batches (n= 6) were examined by measuring the ad-
sorption efficiencies of 20 μg L−1 As(III)/As(V) solution under the op-
timized conditions. It was found that the intra-batch relative standard
deviations (RSDs) of the efficiencies were 1.7% and 1.9% respectively
for As(III) and As(V), and the inter-batch RSDs of the efficiencies were
2.4% and 3.5% respectively for As(III) and As(V), which revealed that
the monolith column has good repeatability and reproducibility.

3.6. Analytical performance and sample analysis

Under the optimized conditions, the theoretical enrichment factor
was 20-fold. The obtained linear range was 0.1–100 μg L−1 (r2 > 0.99).
The limits of detection (LODs, defined as 3-fold signal-to-noise ratio) of
As(V) and As(III) were 12.5 ng L−1 and 25 ng L−1, which were con-
siderably lower than the allowed limit of arsenic in environmental
waters. The RSDs of As(V) was 3.3%, and RSDs of As(III) were 4.2% and
10.5% respectively with KIO3 and MSA as the key eluting components.

Fig. 4. Effect of eluent. A. effect of volume of eluents for As(V): 200 μL each time; B. effect of different kinds of eluents for As(III); C. effect of the eluent concentration
for As(III); D. effect of volume of eluents for As(III): 200 μL each time.
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A comparison of the analytical performance of the developed
method with that of several other approaches for the determination of
arsenic is shown in Table 1. The adsorption capacity of the bifunctional
monolithic column synthesized via “one-pot” was higher than those
monoliths via post modification. Importantly, it was simpler and more
convenient that the bifunctional material required only one monolithic
column to realize the separation and enrichment of IAs instead of a
combination of two monofunctional monolithic columns. On the other
hand, the newly proposed As(III) eluent had no significant damage to
the bifunctional materials which can improve the reproducibility of the
bifunctional materials. Therefore, compared with silica gel and meso-
porous silica, this bifunctional monolithic column for needle-SPME was
solution-saving and can be used for field water samples processing
without complex device. Furthermore, the bifunctional monolithic
column also has the potential for on-line CME-ICP-MS.

The accuracy of the proposed method was evaluated by determining the
As content in standard solutions and the certified reference material
GBW08605 (standard environmental water sample). As can be seen in
Table 2, the concentrations of As(V), As(III) and total IAs were in good
agreement with the standard and certified values. No statistically significant
differences were observed between the results of As(III) eluted by KIO3 and
MSA via one-way ANOVA test (p > 0.05). Furthermore, the method was
applied in the analysis of IAs in river water and rain water and the results
are listed in Table 3. The recoveries in all spiked samples shown in the
results were in the range of 92–105%, indicating that the proposed method
was capable of analyzing the speciation of IAs in environmental samples.

4. Conclusions

In this work, the novel thiol- and amine-bifunctionalized monolithic
column was prepared by one-pot co-condensation and used for spe-
ciation analysis of IAs, As(III) and As(V), in environment waters for the
first time. It was demonstrated that the monoliths were more tightly
attracted to the capillary by enhancing the concentration of pretreating
NaOH and HCl. The elution mechanism of As(III) and As(V) were ex-
plained and a non-aggressive eluent for As(III) was proposed based on
chelation rather than oxidation. In two eluents used for As(III), MSA
can desorb As(III) without changing the speciation of As(III) or de-
stroying active sites on monolithic columns, which makes the IAs be
uptaken concurrently and stepwise eluted for IAs speciation analysis.
The abundant amino and mercapto active sites and good mechanical
strength endowed the bifunctionalized monolithic column with the
promising ability to be used for separating other native elemental
species by on-line CME.
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Table 1
Comparison of analytical performance obtained in this method with other analytical approaches for the separation of inorganic arsenic.

Materials Synthesis procedure LOD (ng L−1) Analytical mode Adsorption capacity Reproducibility Ref.

As(V) As(III)

(NH2 +SH) hybrid monolithic column One pot 12.5–25 Needle-SPME 1.32a (1.71b) 3.18a (4.13b) √ This work
MPTS-silica monolithic capillary Post 10.9 On-line – 1.24a √ [8]
AAPTS-silica monolithic capillary Post 6.2 On-line 0.86a – √ [8]
AAPTS-hybrid monolithic column One pot 5 On-line 1.04a – √ [4]
(NH2 +SH) modified silica gel Post – Batch SPE 0.29b 2.7b × [23]
(NH2 +SH) mesoporous silica One pot 15–25 Syringe-SPE 11.7b 10.4b × [5]

a μg cm−1.
b mg g−1.

Table 2
Analytical results of As(V) and As(III) in standard solution (ST) and certified materials (n=4).

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

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

KIO3 MSA p value*

ST 5.0 5.0 10.0 5.51 ± 0.56 4.78 ± 0.46 4.76 ± 0.89 0.975
GBW08605 – – 500 ± 8 7.19 ± 1.24 504.9 ± 17.8 503.4 ± 10.8 0.886

* One-way ANOVA test p values: Among the analytical results of As(III) eluted by KIO3 and MSA.

Table 3
Determination of As(V) and As(III) in environment water samples (n= 4).

Sample Spiked level (μg L−1) Found (μg L−1) Recovery (%)

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

KIO3 MSA KIO3 MSA

River water 0 0 0.18 ± 0.02 2.12 ± 0.14 2.11 ± 0.10 – – –
0.2 2.0 0.35 ± 0.04 4.07 ± 0.22 3.98 ± 0.24 92 99 97
0.4 4.0 0.59 ± 0.05 6.28 ± 0.33 6.09 ± 0.37 102 103 100

Rain water 0 0 – 1.28 ± 0.02 1.27 ± 0.09 – – –
0.2 2.0 0.21 ± 0.01 3.14 ± 0.06 3.25 ± 0.08 105 96 99
0.4 4.0 0.38 ± 0.03 5.37 ± 0.24 4.92 ± 0.22 95 102 93
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