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eciation analysis of chromium and
antimony by novel carboxyl-functionalized hybrid
monolithic column solid phase microextraction
coupled with ICP-MS†

Ling-yu Zhao,a Jia-jun Fei,a Hong-zhen Lian, *a Li Mao*b and Xiao-bing Cuic

In this work, a novel carboxyl-functionalized organic–inorganic hybrid monolithic column (TMOS-co-CES)

was prepared via one-pot co-condensation of carboxyethylsilanetriol sodium salt (CES) and

tetramethoxysilane (TMOS). The TMOS-co-CES monolithic column was used as a needle-solid phase

microextraction (SPME) matrix followed by using an inductively coupled plasma mass spectrometer (ICP-

MS) for simultaneous speciation analysis of inorganic chromium and antimony. Various parameters of

SPME operation and analytical performance were investigated systematically. Under the optimum

conditions, the TMOS-co-CES column can selectively adsorb low-valent chromium (Cr(III)) and antimony

(Sb(III)) without adsorbing high-valent species (Cr(VI) and Sb(V)) over a wide pH range (4.0–9.0). In the

elution step, the captured Cr(III) and Sb(III) can be substantially completely eluted using 10% nitric acid (v/

v) as the eluent. The TMOS-co-CES monolithic column based SPME protocol has the merits of facile

preparation, low cost, selective adsorption and high adsorption capacity. In addition, the TMOS-co-CES

column operates under milder elution conditions, offers higher recovery for antimony species, and is

more compatible with the ICP-MS instrument, compared with a previously reported thiol-functionalized

hybrid monolithic column taking speciation analysis of antimony as an example. Therefore, the

developed TMOS-co-CES monolithic column is more suitable than the thiol-functionalized monolithic

column for the speciation analysis of chromium and antimony in environmental waters.
1. Introduction

Heavy metal contamination in natural waters caused by
industrial and other anthropogenic processes has been of great
concern due to their toxicity and tendency for bioaccumulation
in plants, animals and human beings.1,2 Among various heavy
metal ions, chromium (Cr) and antimony (Sb) have been
extensively used for various industrial applications for a long
time. For instance, Cr is widely used in electroplating, textile
manufacturing and leather tanning,3 and Sb is used in batteries,
reproof textiles and semiconductors.4 The unjustied utiliza-
tion of Cr and Sb will lead to serious environmental and soil
pollution.4–6 Interest in highly sensitive and selective detection
ry for Life Science, School of Chemistry &

Analysis, Nanjing University, 163 Xianlin

lian@nju.edu.cn; Fax: +86-25-83325180;

ry of Modern Toxicology, School of Public

ongmian Road, Nanjing 211166, China.

868499; Tel: +86-25-86868248

hinese Medicine, Nanjing 210023, China

tion (ESI) available. See DOI:

hemistry 2019
of different trace metal species has increased,5 since different
elemental species of trace metals in the environment exhibit
widely different toxicities.7 In natural waters, hexavalent chro-
mium (Cr(VI)) and trivalent chromium (Cr(III)) are the primary
oxidation states.5 Cr(III) is considered as an essential trace
element for glucose metabolism and maintaining proper func-
tioning of the human body, while a high dose of Cr(III) may
exhibit toxicity towards living organisms.8,9 However, Cr(VI) is
classied as a human carcinogen.3 Analogously, antimony is
primarily found in its inorganic species in major environmental
matrices.4 Inorganic antimony species are more toxic than the
organic ones, and inorganic trivalent species (Sb(III)) are much
more toxic than pentavalent species (Sb(V)). Therefore, it is
particularly important to develop novel separation materials
and analytical methods for the simultaneous speciation anal-
ysis of inorganic chromium and antimony in environmental
water samples.10

Capillary monolithic columns have a series of advantages,
such as uniform structure, controllable morphology, convective
mass transfer and good adsorption capacity, and have received
a lot of attention as a kind of staple adsorbent. Monolithic
columns can be used not only as needle-solid phase micro-
extraction (SPME) materials for on-site processing of water
J. Anal. At. Spectrom., 2019, 34, 1693–1700 | 1693
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samples preventing the sample being contaminated during
transport and storage, but also as on-line capillary SPME
columns with high sample throughput, low random error, and
strong anti-interference ability.11,12

Inorganic metal ions usually interact with some specic
functional groups, including amine, thiol, carboxylic and so on,
and thus various functionalized monolithic columns were
developed for the speciation analysis of trace elements. To date,
the modication of monolithic columns used for elemental
speciation analysis has mainly focused on amine6,10,13–17 and
thiol groups,7,12,16 while reports on carboxyl-functionalized
monolithic columns are relatively rare.11,18 In fact, the carboxyl
group has many similarities with the thiol group: both of them
are acidic groups and can coordinate with many metal ions. The
difference is that the interaction forces between thiol groups
and metal ions are much stronger than those between carboxyl
groups and metal ions, which is mainly reected in that more
complex eluents containing oxidants or organic reagents were
needed to desorb target elements from thiol-functionalized
materials,12,19,20 in contrast, just strongly acidic solutions could
realize the elution of target ions from carboxyl-functionalized
materials.11,21,22 Simple eluents without organic constituents are
compatible with inductively coupled plasma mass spectrometry
(ICP-MS), a common detection method for trace elements.
Therefore, it is very meaningful to develop novel carboxyl-
functionalized monolithic columns for elemental speciation
analysis.

Compared with traditional organic polymer and inorganic
silica monolithic columns, organic–inorganic hybrid mono-
lithic columns prepared via a sol–gel process are favored due to
their merits, like good biocompatibility, large specic surface
area and high mechanical stability.23 If functional groups are
introduced directly into the monoliths in the process of co-
condensation of organosilane reagents with tetra-alkoxysilanes,
either tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS),
this preparation method of functionalized hybrid monolithic
columns is called “one-pot”, which is simpler and makes
functional groups distributed much more evenly than those
prepared by post modication.

Recently developed carboxyl-functionalized monolithic
columns are mainly organic monolithic columns24–27 or post-
modied hybrid monolithic columns.11,28 Only a few carboxyl-
functionalized hybrid monolithic columns were prepared by
“one-pot”, such as reported polyhedral oligomeric silsesquiox-
ane based monolithic columns.29 To the best of our knowledge,
until now, no carboxyl-functionalized hybrid monolithic
columns prepared from simple silane agents by “one-pot” have
been reported, involving a preparation process that does not
require complex organic solvents, is more environmentally
friendly and cost-effective.

In this present work, a novel carboxyl-functionalized hybrid
monolithic column (TMOS-co-CES) was prepared via a one-pot
process for simultaneous speciation analysis of inorganic
chromium and antimony by needle-SPME. The synthesis
method of the TMOS-co-CES column was optimized in detail.
The developed monolithic column can selectively adsorb low-
valent Cr(III) and Sb(III) rejecting high-valent species, and desorb
1694 | J. Anal. At. Spectrom., 2019, 34, 1693–1700
them under milder elution conditions. The inuences of
various parameters of SPME on Cr(III) and Sb(III) were also
investigated. The TMOS-co-CES column was compared with
a previously reported thiol-functionalized hybrid monolithic
column taking speciation analysis of antimony as an example. It
could be seen that the developed TMOS-co-CES column coupled
with ICP-MS detection is more compatible and suitable than the
thiol-functionalized monolithic column for the speciation
analysis of chromium and antimony in environmental waters.
2. Materials and methods
2.1 Reagents and materials

Tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) were
purchased from Alfa Aesar (Tianjin, China). Carbox-
yethylsilanetriol sodium salt (CES), 25 wt% solution in H2O was
purchased from J&K (Shanghai, China). Cetyl-
trimethylammonium bromide (CTAB) was purchased from TCI
(Tokyo, Japan) and acetic acid (HAc) was purchased from
Ourchem (Shanghai, China). HNO3 was of guaranteed reagent
grade and obtained from Merck (Zurich, Switzerland). All other
chemicals were at least of analytical reagent grade and used
without further purication. Pure water (18.25 MU cm) ob-
tained from a Milli-Q water system (Millipore, Bedford, MA,
USA) was used throughout the experiment.

Stock standard solutions (1000.0 mg L�1) of Cr(III) and Cr(VI)
were GBW08614 and GSB04-1723-2004(a) respectively supplied
by the National Research Center for Certied Reference Mate-
rials (Beijing, China). Stock standard solutions (1000.0 mg L�1)
of Sb(III) and Sb(V) were prepared by respectively dissolving
appropriate amounts of K2Sb2(C4H2O6)2 and K2H2Sb2O7$4H2O
(both of analytical reagent grade, purchased from J&K,
Shanghai, China) in water. Lower concentration standard
solutions were prepared daily by appropriate dilutions from
their stock solutions.

Three kinds of environmental sample solutions were chosen
for evaluating the analytical performance of the protocol in this
work. Lake water was taken from Xuanwu Lake in Xuanwu
District, Nanjing. Rain water and sewage water were collected in
our campus in Qixia District, Nanjing. Each water sample was
stored at 4 �C in a refrigerator and ltered through a 0.45 mm
cellulose acetate membrane prior to use.
2.2 Instrumentation

The determination of different chromium and antimony
species was performed on a PerkinElmer NexION 350D ICP-MS
(PerkinElmer SCIEX, Concord, Canada) and the optimum
operation conditions are summarized in Table S1.† The pH
values of the solutions were controlled using a FiveEasy Plus pH
meter (Mettler-Toledo, Shanghai, China). During the extraction
process, a syringe infusion pump (LSP04-1A, LongerPump,
Hebei, China) was used to introduce the solution into the
monolithic column.

Scanning electron microscopy (SEM) images and energy
dispersive X-ray spectroscopy (EDX) spectra were recorded with
a Hitachi S-3400 II SEM (Hitachi, Tokyo, Japan). Fourier-
This journal is © The Royal Society of Chemistry 2019
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transform infrared (FT-IR) spectra were collected on a NEXUS
870 FT-IR spectrometer (Nicolet, USA) using KBr pellets. The
elemental analysis (EA) of the monolith was performed using an
Elementar Vario EL II elemental analyzer (Elementar, German)
with oxygen as the combustion gas. N2 adsorption–desorption
measurement was carried out on a Micromeritics ASAP 2020
BET surface analyzer system (Micromeritics, Shanghai, China).
The surface area was calculated using the Brunauer–Emmett–
Teller (BET) method.
2.3 Preparation of the TMOS-co-CES column

A fused-silica capillary (Reane Chromatography Ltd., Hebei,
China) with 530 mm i.d. and 690 mmo.d. was used to prepare the
monolithic capillary column. Prior to preparation, the capillary
was pretreated to activate the silanol groups on the wall with the
process in our previous work.19

The TMOS-co-CES monolithic gels were prepared from
a solution containing CTAB, ethanol, HAc solution, TMOS and
CES as illustrated in Scheme 1. In detail, 66.6 mg CTAB was
completely dissolved in a 1.5 mL Eppendorf vial with a mixture
of 288 mL ethanol and 200 mL 0.65 mol L�1 HAc. Subsequently,
120 mL TMOS and 60 mL CES were added into the above mixture
followed by vortexing at room temperature for 30 s and ultra-
sonication at 0 �C for 30 s. Then, the resulting solution was
quickly lled into the pretreated capillary with a certain length
using a syringe. Aer being sealed at both ends with silicone
rubber, the capillary was allowed to further react at 45 �C for 24
h. In the end, the capillary was rinsed with methanol and water
to remove unreacted compounds and stored at 4 �C in a refrig-
erator. Before use, the long capillary containing a continuous
monolith was cut into short pieces of 5 cm length for further
experiment.
2.4 Speciation analysis procedure

The TMOS-co-CES column was used as the SPME matrix during
the Cr(III) and Sb(III) speciation analysis procedure. In the
extraction step, 4.0 mL aqueous solution (pH 4.5) containing
the studied ions was allowed to ow through the TMOS-co-CES
column at a ow rate of 200 mL min�1. Aer washing the
column with 200 mL water (pH 4.5), 150 mL of 10% HNO3 (v/v)
was pumped through the TMOS-co-CES column to elute Cr(III)
Scheme 1 Schematic illustration of the preparation of the TMOS-co-
CES column (upper) and workflow of the Cr and Sb speciation analysis
procedure (lower).

This journal is © The Royal Society of Chemistry 2019
and Sb(III) from the column at the same ow rate. All effluents in
the elution step were collected and analyzed by ICP-MS to
obtain the concentrations of Cr(III) and Sb(III). The concentra-
tion of Cr(VI)/Sb(V) was then calculated by the difference
between total Cr/Sb and Cr(III)/Sb(III).
3. Results and discussion
3.1 Preparation and characterization of the TMOS-co-CES
column

3.1.1 Optimization of synthesis conditions for the TMOS-
co-CES column. The carboxyl-functionalized hybrid monolithic
column was prepared in the presence of CTAB as the surfactant
and with ethanol and water as the cosolvent and coporogen via
a sol–gel process, which involved two major steps, hydrolysis of
silane agents and polycondensation of siloxane precursors.
Initially, TEOS and CES were chosen as the precursors. It was
found aer repeated attempts that TEOS and CES could only be
dissolved simultaneously under certain conditions, which was
not very suitable for the preparation of the monolithic column,
even though several kinds of solvents, such as methanol, iso-
propanol, cyclohexanol and N,N-dimethylformamide, and
ratios of these two silane agents were tried. The probable reason
is that CES used in this work is aqueous solution and already
hydrolyzed, while TEOS is less hydrophilic and its hydrolysis
rate is slow. Based on this, we replaced TEOS with TMOS, which
has better hydrophilicity and faster hydrolysis.

The effects of the composition of polymerization mixture on
the morphologies of monolithic columns were investigated.
Monolithic columns were synthesized with different volume
ratios of TMOS and CES (60 : 10, 60 : 20, 60 : 30, 60 : 40) under
the same other experimental conditions. It is intelligible that
a higher dose of CES gives more carboxyl groups, which can
improve the adsorption performance of materials. Considering
that the skeleton structure of monoliths was very fragile when
TMOS : CES was lower than 60 : 40 (v/v), the ratio of TMOS and
CES was set to be 60 : 30 (v/v).

Due to the quick hydrolysis of TMOS, the mixture would
polymerize immediately aer mixing TMOS and CES, without
enough time to be t into the capillary column. HAc solution
was introduced instead of water to slow down the reaction and
the concentrations of HAc solution were tested from 0.01 to 1.00
mol L�1. The results showed that the copolymerization reaction
was slowed signicantly when the HAc concentration was
higher than 0.5 mol L�1. However, the solution would not be
able to form the gel, if the HAc concentration exceeded 0.7 mol
L�1. Aer trial and error, the concentration of HAc was deter-
mined to be 0.65 mol L�1. Moreover, the speed of the sol–gel
process further decreased with the increase of ethanol in the
prepolymer solution, while too much ethanol might make the
permeability of the column gradually poor and lead to some of
the CES being insoluble. Finally, the ratio of ethanol to 0.65 mol
L�1 HAc was selected as 144 : 100 (v/v). Aer continuous opti-
mization of conditions, the optimized polymerization mixture
was comprised of TMOS (60 mL), CES (30 mL), CTAB (33.3 mg),
EtOH (144 mL) and HAc (0.65 mol L�1, 100 mL).
J. Anal. At. Spectrom., 2019, 34, 1693–1700 | 1695



Fig. 2 FT-IR spectra of the TMOS-co-CES column.
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3.1.2 Characterization of the TMOS-co-CES column. SEM
was employed for characterizing the structure of the TMOS-co-
CES column. It can be seen from the cross-sectional images
(Fig. 1) that the TMOS-co-CES monolith with a homogeneous
microstructure was capable of tightly binding to the inner wall
of the capillary without obvious voids, which enabled fast and
homogeneous mass transfer during the sample analysis
procedure. Meanwhile, the continuous macroporous struc-
tures can result in high permeability and low backpressure.
The well-controlled skeleton of the monolith was formed by
continuous interconnecting spheres with a uniform size and
rough surface, which could offer a high surface area and ensure
good enrichment selectivity of target element species. For
example, the average BET surface area of the TMOS-co-CES
monolith was 383.24 m2 g�1, which was larger than those of
most reported monolithic columns.7,29–32 Furthermore, to
investigate the mechanical stability of the monolithic column,
we recorded the pressure variation of the column with different
ow rates of water. It can be seen from Fig. S1† that the column
back-pressure is just slightly higher than the background
pressure of the instrument and linearly increases in the whole
tested ow rate range (y ¼ 0.182x � 41.424, r2 ¼ 0.998), which
indicated that the column had low backpressure and good
mechanical strength.

The existence of some characteristic groups on the TMOS-co-
CES monolith was conrmed by FT-IR analysis (Fig. 2). The
absorption peaks in the FT-IR spectrum of the monolith washed
with water at 1553 and 1399 cm�1 correspond to COO�M+

bonds. Specically, aer the monolith being washed with acid,
these two peaks disappeared and were replaced by a C]O
stretching vibration peak at 1715 cm�1. Comparing the two FT-
IR spectra, the wide and weak absorption band at around 3271
Fig. 1 SEM images of the TMOS-co-CES column ((A) �140; (B) �300; (

1696 | J. Anal. At. Spectrom., 2019, 34, 1693–1700
cm�1 attributed to the O–H stretching vibration was also
enhanced in the spectrum of the material washed with acid. All
the above demonstrated that the carboxyl group had been
successfully decorated onto the monolithic material. Since
TMOS was hydrolyzed during the sol–gel procedure, the carbon
element was mainly derived from the organic silica component,
CES. The EDX and EA results (Fig. S2 and Table S2†) showed the
signicant presence of the carbon element, which also proved
that the carboxyl-functionalized monolithic columns had been
successfully synthesized. Besides, the uniform distribution of
the carbon element, shown in the elemental mapping images
(Fig. S3†), indicated that the synthesized material had good
uniformity.
C) �5.00k; (D) �25.0k).

This journal is © The Royal Society of Chemistry 2019
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3.2 Optimization of the speciation analysis procedure

3.2.1 Effect of pH on adsorption. The behavior of an
adsorption material to take up heavy metals is mainly related to
the solution pH.33 In this work, pH not only determines the
distribution of element species, but also affects the surface
properties of the TMOS-co-CES monolith. The effects of pH on
the adsorption of Cr and Sb with the monolithic column were
investigated with 1.0 mL solutions containing 20 mg L�1 Cr(VI)/
Cr(III) and Sb(V)/Sb(III) in different pH ranges from 1 to 10, and
the results are presented in Fig. 3. It was apparent from these
results that the material can selectively take up low-valent Cr(III)
and Sb(III) and reject high-valent Cr(VI) and Sb(V) in the pH range
of 4.0–10.0, which can be explained by the electrostatic force and
complexation of –COOH towards Cr and Sb.22,34 Due to the acid
dissociation constant (pKa) value of the carboxyl group of CES,
4.4 � 0.4, the carboxyl groups on monoliths were mainly
deprotonated as anions, –COO� at pH above 4.0. Cr(III) and Sb(III)
can form strong complexes with carboxyl groups.22 Not only that,
they mainly existed in the form of metal ions (Cr3+ and Sb3+),
which have an affinity for anionic –COO�. In contrast, both Cr(VI)
and Sb(V) existed mainly as anions in the tested pH range,
HCrO4

�, CrO4
2� and/or Cr2O7

2� for Cr(VI) and H2SbO4
� or

HSbO4
2� for Sb(V),35 which caused a strong electrostatic repul-

sion between Cr(VI)/Sb(V) and carboxyl groups at pH above 4.0.
Because some of the carboxyl groups may become neutral
–COOH under strongly acidic conditions, the electrostatic
repulsions are weakened and a small amount of Cr(VI) and Sb(V)
could be adsorbed. Therefore, the sample pH of 4.5 was selected
for the TMOS-co-CES column in the subsequent experiments.

For comparison under the same extraction conditions, the
effect of pH on the adsorption of inorganic Sb with the thiol-
functionalized hybrid monolithic column prepared referring to
our previous work7 is presented in Fig. S4.† As can be seen, the
overall trend of the adsorption behavior of Sb on the thiol
monolith is similar to that on the carboxylic monolith. Mean-
while, the adsorption mechanism can also be explained by the
Fig. 3 Adsorption rates of Cr and Sb on the TMOS-co-CESmonolithic
column under different pH. Concentration of each species: 20 mg L�1.
Flow rate: 20 mL min�1.

This journal is © The Royal Society of Chemistry 2019
electrostatic force and complexation of –SH towards Sb(III). The
comparison results illustrate that both thiol- and carboxyl-
functionalized monolithic columns have selective adsorption
ability for Sb(III) in a certain pH range.

3.2.2 Effect of ow rate. The ow rate may also inuence
the adsorption efficiency of the TMOS-co-CES monolithic
column to target species, which was investigated by bumping
1.0 mL sample solution (pH 4.5) containing 20 mg L�1 Cr(III) and
Sb(III) through the monolithic column with different ow rates
(20–350 mL min�1). As illustrated in Fig. S5,† the adsorption
rates are still higher than 95% in the whole tested ow rate
range. Similarly, the effect of ow rate in the elution step was
also evaluated in detail. The results indicated that the recovery
rates did not decline signicantly, even though the ow rate was
more than 300 mL min�1 (Fig. S6†). As too high ow rates are
prone to destroy the hybrid monolithic skeleton, 200 mL min�1

was adopted as both the sample loading and elution ow rates,
which is time-saving, safe enough and much more suitable for
obtaining better precision.

3.2.3 Effect of sample volume. The effect of sample volume
was tested using various solution volumes (1.0, 2.0, 4.0, 5.0 and
10 mL, respectively) containing 50 ng Cr(III) and Sb(III) under the
optimum pH and ow rate. As shown in Fig. S7,† the adsorption
rates for Cr(III) and Sb(III) remain in the range of 95–100% with
no apparent variation for the different investigated volumes.
The larger the volume of sample solution, the higher the
enrichment factor, and the longer the experiment time. Aer
comprehensive considerations, 4.0 mL sample solution was
selected for subsequent experiments.

3.2.4 Eluent. Under strongly acidic conditions, the elec-
trostatic force between Cr(III)/Sb(III) and monoliths becomes
weak, so two kinds of eluents, nitric acid and nitric acid with
0.01 mol L�1 KIO3,36 were utilized to release Cr(III) and Sb(III)
from both carboxyl- and thiol-functionalized monoliths. The
concentration of HNO3 as the eluent was optimized. As shown
in Fig. 4(A), there is no signicant difference in the elution
efficiency between these two eluents using the TMOS-co-CES
column as the adsorbent. The recoveries of Cr(III) and Sb(III)
increased with increasing HNO3 concentration, and were nearly
100% when the HNO3 concentration exceeded 10% (v/v). To
optimize the eluent volume, 600 mL eluents (10% HNO3 with/
without 0.01 mol L�1 KIO3) were continuously applied to elute
adsorbed Cr(III) and Sb(III) from the columns and each 150 mL
was collected. It is obvious in Fig. 4(B) that 150 mL eluents are
sufficient for desorbing Cr(III) and Sb(III) from the TMOS-co-CES
columns with recoveries of almost 100%. In order to achieve
a higher enrichment factor, the elution volume was set to 150
mL, since the minimum injection volume of the ICP-MS in our
lab is 150 mL. In the end, 150 mL 10% HNO3 (v/v) was chosen to
recover Cr(III) and Sb(III) in environmental water sample anal-
ysis, considering that nitric acid is milder than KIO3 as an
eluent.

Different from the TMOS-co-CES column, different concen-
trations of HNO3 had little signicant effect on elution effi-
ciency for thiol-functionalized monolithic columns and the
recovery rates using both two eluents were not ideal. The
possible reason was that the coordination between thiol groups
J. Anal. At. Spectrom., 2019, 34, 1693–1700 | 1697



Fig. 4 Effect of eluent. (A) Effect of HNO3 concentration in eluents for Cr(III) and Sb(III) using the thiol-functionalized monolithic column (marked
with “Thiol”) and TMOS-co-CES column (the eluent volumes are 300 mL); (B) effect of volume in eluents for Cr(III) and Sb(III) using TMOS-co-CES
columns as the adsorbent: 150 mL each time.
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and metal ions is too strong, which is benecial to selective
adsorption, but not conducive to mild elution. In comparison,
carboxyl-functionalized monolithic columns were much more
tting for the speciation analysis of inorganic chromium and
antimony.
3.3 Interference study

The possible coexisting ions in real samples which may affect
the recoveries of Cr(III) and Sb(III) on the TMOS-co-CES column
were also investigated. For this purpose, 1.0 mL mixture (pH
4.5) containing target analytes each at 20 mg L�1 and a certain
concentration of interfering ions was subjected to the general
procedure as described above. As can be seen from Table S3,†
the recoveries of Cr(III) and Sb(III) in this study are still in the
range of 95–100%, which indicated that the ions at the inves-
tigated concentration would not signicantly interfere with the
determination of target analytes. The normal concentration
ranges of these ions in environmental waters were lower than
the tolerance limits of coexisting ions we examined. Therefore,
the proposed SPME method based on the TMOS-co-CES
monolithic column had good anti-interference ability for the
recoveries of Cr(III) and Sb(III), and could be applied for the
selective analysis of Cr(III) and Sb(III) in real water samples.
3.4 Adsorption capacity, reproducibility and stability of the
TMOS-co-CES column

Adsorption capacity is an important factor for the evaluation of
monolithic column performance. The breakthrough curve
experiment recommended by Hu et al.37 was carried out to
investigate the maximum adsorption capacity of the TMOS-co-
CES monolithic column. In detail, the solution containing 2.0
mg L�1 Cr(III)/Sb(III) (pH 4.5) was continuously pumped through
a 5 cm-length monolithic column at 200 mL min�1. The
concentration of Cr(III)/Sb(III) in the effluent was determined by
ICP-MS. As shown in Fig. S8,† based on the breakthrough point,
dened as the 5% leakage of analyte, the adsorption capacity of
1698 | J. Anal. At. Spectrom., 2019, 34, 1693–1700
the monolithic column is 2.80 mg cm�1 (�5.87 mg g�1, 112.88
mmol g�1) for Cr(III) and 6.40 mg cm�1 (�13.42 mg g�1, 110.18
mmol g�1) for Sb(III), which was much higher than our actual
application needs and also matched the results evaluated based
on the adsorption isotherms (Fig. S9†).

The TMOS-co-CES columns prepared within one batch (n ¼
6) and among different batches (n¼ 6) were used to evaluate the
preparation reproducibility of the columns by measuring the
recovery rates of 20 mg L�1 Cr(III) and Sb(III) solution under the
optimized conditions in Section 2.4. The intra-batch relative
standard deviations (RSDs) of the efficiencies were 2.6% and
4.6% respectively for Cr(III) and Sb(III), and the inter-batch RSDs
were 3.2% and 3.1% respectively, which meant that the devel-
oped columns have good column-to-column and batch-to-batch
reproducibility. In addition, the stability of the columns stored
for different times (freshly prepared, stored for one week, two
weeks and onemonth, n¼ 4) was also evaluated under the same
conditions, and the RSDs of the recovery rates were 4.6% and
1.5% respectively for Cr(III) and Sb(III). Moreover, the TMOS-co-
CES columns could be reused at least 5 times without
decreasing the recoveries of Cr(III) and Sb(III) and causing any
identiable bleeding of the monoliths (Fig. S10†). All the above
revealed that the monolithic column has good reproducibility
and stability. However, the preparation cost of a TMOS-co-CES
column is very low and tens of columns could be prepared in
one time, and the replacement of 5 cm-length monolithic
columns is also quite convenient, and therefore, a column does
not need to be used in the needle-SPME procedure too many
times.
3.5 Analytical performance and sample analysis

Under the optimized conditions, the limits of detection (LODs,
dened as 3-fold signal-to-noise ratio) were 0.004 mg L�1 for
Cr(III) and 0.002 mg L�1 for Sb(III) with a sample volume of 4.0
mL and desorption volume of 150 mL. These LODs were
considerably lower than the allowed limits of Cr and Sb in
environmental waters.4,6 The calibration curves in this work
This journal is © The Royal Society of Chemistry 2019



Table 1 Analytical results of inorganic Cr and Sb in standard solutions (ST1 and ST2) and water samples (mean � sd, n ¼ 3)

Sample

Spiked (mg L�1) Found (mg L�1) Recovery (%)

Cr(III) Cr(VI) Sb(III) Sb(V) Cr(III) Cr(VI) Sb(III) Sb(V) Cr(III) Cr(VI) Sb(III) Sb(V)

ST1 0.5 5.0 0.5 5.0 0.52 � 0.01 5.06 � 0.13 0.51 � 0.01 5.09 � 0.08 104 101 102 102
ST2 5.0 0.5 5.0 0.5 5.07 � 0.17 0.49 � 0.03 5.04 � 0.17 0.52 � 0.03 101 98 101 104
Lake 0 0 0 0 0.53 � 0.06 0.33 � 0.03 0.86 � 0.04 0.87 � 0.02 — — — —

0.5 5.0 0.5 5.0 1.08 � 0.03 5.35 � 0.04 1.31 � 0.02 5.82 � 0.05 105 100 96 99
5.0 0.5 5.0 0.5 5.48 � 0.08 0.85 � 0.05 5.87 � 0.06 1.43 � 0.02 99 102 100 104

Rain 0 0 0 0 0.51 � 0.07 0.51 � 0.05 0.33 � 0.04 0.62 � 0.02 — — — —
0.5 5.0 0.5 5.0 1.07 � 0.13 5.44 � 0.04 0.83 � 0.06 5.67 � 0.20 106 99 100 101
5.0 0.5 5.0 0.5 5.30 � 0.07 1.01 � 0.01 5.36 � 0.08 1.14 � 0.06 96 100 101 102

Sewage 0 0 0 0 0.58 � 0.05 0.45 � 0.02 0.15 � 0.03 0.14 � 0.00 — — — —
0.5 5.0 0.5 5.0 1.13 � 0.05 5.44 � 0.08 0.64 � 0.06 5.16 � 0.03 105 100 98 100
5.0 0.5 5.0 0.5 5.56 � 0.13 1.00 � 0.02 5.18 � 0.06 0.66 � 0.02 100 105 101 103

Paper JAAS
were established in the range of 0.05–100 mg L�1 Cr(III) and
Sb(III) with r2 > 0.999 and >0.997, respectively.

The accuracy of the proposed method was evaluated by
determining Cr and Sb contents in standard solutions (ST1 and
ST2) aer SPME with the TMOS-co-CES monolithic column. For
standard solutions and later spiked water samples, the effluents
in the extraction step were collected for detecting Cr(VI) and
Sb(V) in sample solutions by ICP-MS aer Cr(III) and Sb(III) were
adsorbed. As can be seen in Table 1, Cr(III) and Sb(III) can be well
selectively adsorbed with the monolithic columns, and the
concentrations of all the species are in good agreement with the
standard values. Furthermore, three kinds of environmental
water samples were used for examining the feasibility of the
proposed method. The recoveries of Cr and Sb in all spiked
samples were 96–106% and 96–104% respectively, indicating
that this method can be applied for the speciation analysis of
inorganic Cr and Sb in environmental waters.
4. Conclusions

In this work, a novel carboxyl-functionalized hybrid monolithic
column was synthesized via one-pot co-condensation and used
as the SPME matrix for simultaneous speciation analysis of
inorganic Cr and Sb in environmental waters. The proposed
TMOS-co-CES column could capture Cr(III) and Sb(III) in a wide
pH range without taking up Cr(VI) and Sb(V), and be applied to
on-site sample pretreatment following collection of environ-
mental waters. Very interestingly, compared with the thiol-
functionalizedmonolithic column in the aspect of Sb speciation
analysis, the TMOS-co-CES column possesses similar adsorp-
tion behavior, milder elution conditions, and more friendly
compatibility with the ICP-MS instrument. As far as we know,
this work is the rst attempt to develop a carboxyl-functional-
ized hybrid monolithic column from simple silane agents by
“one-pot” and compare carboxyl- and thiol-functionalized
hybrid monolithic columns. Most importantly, the good
mechanical strength and abundant carboxylic active sites
endowed the TMOS-co-CES column with promising ability to be
used for on-line capillary SPME.
This journal is © The Royal Society of Chemistry 2019
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