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g r a p h i c a l a b s t r a c t
� A carboxyl hybrid monolithic column
was one-pot prepared by thiol-ene
click reaction.

� Computational simulation was uti-
lized as reference for selecting func-
tional monomer.

� All used reagents were simple, cheap
and easy to obtain for the one-pot
synthesis.

� Speciation analysis of labile inorganic
chromium was realized under mild
conditions.
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a b s t r a c t

A novel carboxyl-functionalized hybrid monolithic column was developed based on “thiol-ene” click
reaction via “one-pot” by choosing mercaptosuccinic acid, g-methyl methacrylate trimethoxysilane and
tetramethoxysilane as reaction monomers. The design of the hybrid monolithic column was assisted by
the comparison in computational simulation with existing carboxyl-functionalized materials. The char-
acterization by scanning electron microscopy, energy dispersive X-ray spectroscopy, N2 adsorption-
desorption measurement, Fourier-transform infrared spectroscopy and elemental analysis showed that
the carboxyl-functionalized material has the advantages of good permeability and high mechanical
strength. Then, we used the prepared carboxyl-hybrid monolith column as solid phase microextraction
adsorbent for separation of trace inorganic chromium species. Under pH 4.5, the hybrid monolith column
can selectively enrich Cr(III) without adsorbing Cr(VI) and afterwards, Cr(III) can be eluted by 1.0 mol L�1

HCl. The chromium speciation separation method based on carboxyl-hybrid monolith column followed
by inductively coupled plasma-mass spectrometry possessed the merits of facile preparation, low cost,
simple and mild extraction condition, and sensitive detection, which has been successfully applied to the
separation, enrichment and detection of inorganic chromium in environmental waters.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

In the environment and living organisms, the existing form of an
element is closely related to its availability, biological activity and
toxicity, etc., so the analysis of element speciation has attracted
more and more attention [1e4]. For example, trivalent chromium,
Cr(III), is an essential trace element in human body playing an
important role in glucose metabolism with insulin together. In
contrast, hexavalent chromium, Cr(VI), is a carcinogen, and long-
term exposure to it is apt to cause a variety of diseases such as
skin allergies, inflammation, necrosis and other problems [5,6].
Therefore, it is necessary to develop suitable speciation approaches
to analyze the concentrations of chromium species in environ-
mental samples.

Inductively coupled plasma-mass spectrometry (ICP-MS), as a
powerful determination method for trace elements, has merits of
high sensitivity, low limit of detection (LOD), short analysis time,
and it can detect various elements at the same time. However, ICP-
MS cannot distinguish between element speciation hence it is
necessary to achieve selective separation of element species before
detection [7,8]. Traditional chromatography methods, such as high
performance liquid chromatography (HPLC) combined with ICP-MS
[9,10], are limited because of high cost for separation of elemental
species in practical application. On the other hand, non-
chromatography methods such as solid phase extraction (SPE)
with the characteristic of facile preparation, flexible functionaliza-
tion, selective enrichment to target analytes, low cost and on-site
sample pretreatment can apply to speciation separation prior to
ICP-MS detection. Numerous SPE absorbent materials have been
reported including polymer particles, biomass, carbon materials,
zeolite, functional inorganic materials, mesoporous silica and
magnetic nanoparticles [3,11,12].

Solid phase microextraction (SPME) is a typical micro-absorbent
extraction technology, which has a lot of advantages such as low
solvent consumption, low sample requirement, high enrichment
factor, simple operation and so on. SPME adsorbents have been
exploited for the study of element speciation separation [4,13e15].
Capillary microextraction (CME), also known as in-tube SPME
technique, was a solvent-saving and miniaturized extraction tech-
nique for trace analytes, which was performed by using fused-silica
capillary with stationary phase inside. According to the different
extraction materials, capillary columns are divided into packed
column, open tubular column and monolithic column. Among
these capillary columns, monolithic column has gradually received
more attention in recent years [14,16e18] because it effectively
overcomes the sealing problem in the preparation process
compared with packed column and has longer retention time and
higher adsorption capacity than open tubular column. Further-
more, monolithic column has the unique superiorities of control-
lable form, uniform structure and being able to realize convective
mass transfer. There are three major kinds of monolithic columns
that are distinguished by the monoliths within capillaries: organic
polymer-based monolithic column, inorganic silica-based mono-
lithic column and organic-inorganic hybrid capillary monolithic
column. The first one is generally prepared by polymerization of
organic monomers and crosslinkers, and the second one is typically
prepared via a sol-gel process to form a silica skeleton followed by a
chemical modification of the matrix with different silylation re-
agents. During the process of synthesizing organic-inorganic hybrid
capillary monolithic column, organic functional moieties are
covalently linked into inorganic silica monolithic matrixes via sol-
gel process. Therefore, the hybrid capillary monolithic column, as
an improved alternative, has merits of both organic polymer- and
silica-based monoliths, such as solvent resistance, good mechanical
stability and ease of preparation [19,20]. It is worth noting that
although hybrid monolithic columns have been widely introduced
in the field of biomedical application, yet it is rarely used in trace
elements and their speciation analysis. In our previous work, some
attempts have been made by using organic-inorganic hybrid
capillary monolithic column to separate and enrich element spe-
cies. For example, Li et al. [15] applied amine-functionalized
organic-inorganic hybrid monolithic column prepared according
to previousmethod [21] to selectively adsorb As(VI).We also used it
to implement a centrifugal microfluidic platform for separating
Cr(VI) and Cr(III) [22]. On the other hand, Zhao et al. [23] developed
a novel thiol-functionalized hybrid monolithic column in a ternary
weak basic solvent system to selectively enrich trivalent arsenic
without oxidation of species. Then, we prepared a carboxyl-
functionalized hybrid monolithic column for non-aggressive
speciation analysis of inorganic chromium and antimony under
mild elution condition [24]. Furthermore, thiol- and amine-
bifunctionalized hybrid monolithic column [25] and amine- and
carboxyl-bifunctionalized hybrid monolithic column [26] were
synthesized, respectively, for direct speciation analysis of arsenic
and chromium in their original status.

Although the preparation of hybrid monolithic columns is
simple, there are still some deficiency such as hard optimization,
low output, and expensive silane reagents. Click chemistry is
widely used in biology, medicine, chemistry and materials. In
recent years, it has been employed in the preparation of chroma-
tography separation materials. Chen group used alkyne-azide
cycloaddition to synthesize hydrophobic organic polymer mono-
lithic columns [27,28] and “thiol-ene” click reaction to synthesize
an organic-inorganic hybrid boric acid affinity monolithic column
[29] that were applied to the separation of proteins. Feng group [30]
used “thiol-ene” click reaction to post-modify mercaptoacetic acid
(MAA) onto vinyl-bonded silica gel to prepare a liquid chroma-
tography stationary phase containing carboxyl groups, and evalu-
ated the column performance under the condition of hydrophilic
interaction chromatography (HILIC) mobile phase. Liang group [31]
prepared a weak cation exchanger (WCX) modified with dicarboxyl
groups by clicking mercaptosuccinic acid (MSA) onto vinyl-bonded
silica gel. The obtained WCX was applied to simultaneous separa-
tion of alkali, alkaline earth and transition metals. Click chemistry
has the advantages of multiple reaction types, wide adaptation
range and mild reaction condition, thus it is worth trying to
introduce it to the preparation of organic-inorganic hybrid mono-
lithic columns.

The application of carboxyl-functionalized materials as HPLC
stationary phases and SPE or SPME sorbents has been receiving
widespread attention. Traditional methods have complicated syn-
thetic steps or need expensive organic reagents. In Feng group’
work [30], silica gel was activated, washed and then suspended in
anhydrous toluene. After triethoxyvinylsilane and trimethylamine
were added, the mixture was heated for 20 h to form vinyl-bonded
silica gel. Subsequently, MAA (carboxyl functional monomer) and
2,20-azobis (2-methylpropionitrile) (V50, initiator) were added to
result in the formation of Thiol-Click-COOH silica gel via “thiol-ene”
click reaction. Similar to this, Liang group [31] modified silica gel
with triethoxyvinylsilane and then coupled vinyl-bonded silica
with MSA (carboxyl functional monomer). Although both of them
took advantage of “thiol-ene” click reaction to synthesize carboxyl-
functionalized silica gel, the whole process seemed a bit cumber-
some with organic reagents involved. Especially, MAA is a very
smelly liquid reagent and more toxic than solid MSA. In our pre-
vious work about carboxyl-functionalized SPE material, carboxyl-
mesoporous silica was prepared by one-pot co-condensation
method using CTAB, carboxyethylsilanetriol sodium salt (CES) and
TEOS [12]. As improved alternative, a carboxyl-hybrid monolithic
columnwas synthesized [24] by using CES and tetramethoxysilane
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(TMOS) via one-pot method and used as SPME adsorbent.
Compared with thiol-functionalized hybrid monolithic column
[23], the coordination between carboxyl-functionalized monolithic
column and metal ions is weaker, which is beneficial to keep the
labile species unchanged during mild elution. In spite of that our
carboxyl-functionalized mesoporous silica and hybrid monolithic
column have better stability than post-modified silica gel and have
been successfully in chromium speciation analysis, we were still
looking for a much simpler and cheaper protocol to replace the use
of the rare and expensive silane reagent CES.

In this work, a new type of carboxyl-functionalized hybrid
monolithic columnwas prepared via “one-pot” co-condensation of
MSA, g-Methyl methacrylate trimethoxysilane (g-MAPS) and
TMOS, based on “thiol-ene” click reaction for the first time. All
involved reagents were common and inexpensive and the selection
of carboxyl functional monomer referred to computational simu-
lation. The reaction condition was comprehensively optimized. We
also investigated the influences of diverse parameters of in-tube
SPME for Cr(III). Then the hybrid monolithic column was applied
as needle SPME adsorbent for speciation of chromium under
optimized condition. Cr(III) and total Cr (CrT) were determined by
ICP-MS and Cr(VI) concentration was obtained accordingly. Finally,
we achieved speciation analysis of Cr(III) and Cr(VI) in real envi-
ronmental water samples.

2. Materials and methods

2.1. Reagents and materials

Polyethylene glycol 20,000 (PEG-20000) and urea was pur-
chased from Ourchem (Shanghai, China). g-Methyl methacrylate
trimethoxysilane (g-MAPS, 98%) and tetramethoxysilane (TMOS)
were purchased from Alfa Aesar (Tianjin, China). Mercaptosuccinic
acid (MSA) was purchased from TCI (Tokyo, Japan). 2,20-Azobis (2-
methylpropionamide) dihydrochloride (V50) was purchased from
J&K (Shanghai, China). Hydrochloric acid (HCl) was of guaranteed
reagent grade and brought from Merck (Zurich, Switzerland). All
other chemicals were at least of analytical reagent grade and used
without further purification. Pure water (18.25 MU cm) obtained
from a Milli-Q water system was used throughout the experiment.

Stock standard solutions (1000 mg L�1) of GBW08614 and
GSB04-1723-2004(a) respectively for Cr(III) and Cr(VI) were pro-
vided by China National Measuring Science Research Institute
(Beijing, China). All standard solutions of lower concentration were
prepared by appropriate dilution of the stock solutions daily.

We chose Yangtze River in Gulou District, Nanjing, Jiuxiang River
and Yangshan Lake located in Qixia District, Nanjing as the sam-
pling positions of environmental waters. All water samples were
filtered through a 0.45 mm cellulose acetate membrane and then
stored at 4 �C refrigerator before analysis. Certified Reference Ma-
terial (CRM) of GBW 08608 (environmental water) was purchased
from National Research Center for Certified Reference Material
(Beijing, China).

2.2. Computational simulation

The capacity to attract Cr(III) of the proposed carboxyl-
functionalized hybrid monolithic material in this work was evalu-
ated by computational simulation in comparison with those of two
typical carboxyl-functionalized materials synthesized by Feng
group [30] and Zhao et al. of our group [24]. The basic carboxyl-
containing units of these three materials are illustrated in Fig. S1.
Their molecular structures and the corresponding complexes
combining Cr(III) were constructed by Gaussian View 5.0, and then
optimized by Gaussian 09 software using the hybrid B3LYP
functional together with the SDD basis set for Cr and the
6e311 g (d) basis set for C, H, O, and S atoms to obtain the minimal
energies of each 3D molecular structure. Furthermore, to describe
weak interactions better, DFT-D3 dispersion correction was used
and the SMD solvent model was used to illustrate the effect of
solvents on interactions. The interaction energy was calculated
using equation (Eq. (1)).

DE ¼ Ecomplex � (Ematerial þ ECr(III)) (1)

where DE is docking energy, Ecomplex, Ematerial, and ECr(III) are the
minimal energies of carboxyl-functionalized material-Cr(III) com-
plex, carboxyl-functionalized material, and Cr(III) under the most
stable molecular structure, respectively. The materials’ abilities to
attracting Cr(III) were evaluated by comparing the docking energies
DE.

2.3. Preparation of carboxyl-functionalized hybrid monolithic
capillary column

The fused-silica capillary (with 530 mm i.d. and 690 mm o.d.,
purchased from Reafine Chromatography Ltd., Hebei, China) was
washed successively by 1.5 mol L�1 NaOH, H2O, 1.5 mol L�1 HCl,
H2O, and methanol at room temperature to obtain silanol groups.
Then the capillary were dried under nitrogen flow at 160 �C.

We prepared carboxyl-functionalized hybrid monolithic column
via “one-pot” as illustrated in Scheme 1. In detail, 42.6 mg MSA,
1.5 mg V50, 0.225mL 2.5% NH3$H2O, 0.4 mL H2O, 60mg PEG-20000,
75mg ureaweremixed in a 1.5 mL centrifuge tube, and then 0.2 mL
TMOS and 0.1 mL g-MAPS were added to the tube, followed by
stirring and hydrolyzing at 0 �C for 4 h. Subsequently, the solution
was ultrasonicated for 5 min at 0 �C aiming for degassing before
being introduced into the pre-treated capillary. After sealing
capillary with rubber stoppers, we placed the capillary into ther-
mostat water bath at 60 �C for 24 h. The obtained capillary was
cooled down and washed by water and methanol, which was af-
terwards cut into short pieces of 5 cm length as standbys.

2.4. Characterization of carboxyl-functionalized hybrid monolithic
capillary column

Scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), elemental analysis (EA), N2 adsorption-
desorption measurement, Fourier-transform infrared spectros-
copy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were
employed for the characterization of as-synthesized carboxyl-
functionalized hybrid monolithic column. SEM images were
recorded with a Hitachi S-3000 N SEM (Hitachi, Japan). The
composition of the monolithic column was analyzed on an energy
dispersive X-ray spectroscopy (Hitachi, Japan) and an Elementar
Vario EL II elemental analyzer (Elementar, German). N2 adsorption-
desorption measurement was carried out on a Micromeritics ASAP
2020 BET surface analyzer system at liquid N2 temperature while
the surface area was calculated by using the Brunauer-Emmett-
Teller (BET) equation. FT-IR spectra of the monoliths were
collected on a NEXUS 870 FT-IR spectrometer (Nicolet, USA) using
KBr pellets. XPS analyses were carried out on a PHI5000 Versa
Probe photoelectron spectrometer (ULVAC-PHI, Kanagawa, Japan).

2.5. General procedure for speciation analysis

As shown in Scheme 1, our needle-SPME experiments were
carried out by loading 1.0 mL aqueous solution containing chro-
mium to the carboxyl-functionalized hybrid monolithic column,
which has been adjusted to pH 4.5 before. The flow rate was



Scheme 1. Schematic illustration of the preparation of carboxyl-functionalized hybrid monolithic capillary column and workflow of speciation analysis of chromium.
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20 mL min�1 and precisely controlled by a syringe pump (Baoding
Longer, Model BT100). Thenwe used 200 mL 1.0 mol L�1 HCl to elute
Cr(III) at a flow rate of 20 mL min�1. The concentrations of total
chromium (CrT) and Cr(III) were respectively detected via initial
loading solution and collected effluent by a PerkinElmer NexION
350D ICP-MS (PerkinElmer SCIEX, Concord, Canada) with kinetic
energy discrimination (KED) mode under the optimal conditions
listed in Table S1. Cr(VI) concentration was then found by sub-
tracting from CrT of Cr(III).
Fig. 1. 3D molecular structures of three corresponding complexes with interaction
energy (A. Cr-MSA; B. Cr-MAA; C$Cr-CES).
3. Results and discussion

3.1. Selection of functional monomer and cross-linking reagent

The selection of the functional monomers g-MAPS and MSA is a
key part in the preparation of hybrid monolithic column. The
reason we chose g-MAPS but not triethoxyvinylsilane was that the
latter was more hydrophobic than the former and difficult to
dissolve in water before reaction. Compared with directly using
expensive and inaccessible carboxyl-functionalized monomer CES,
“thiol-ene” click reaction is a cheap and convenient way to get
carboxyl. Liang group [31] once used MSA as a functional monomer
to prepare a weak cation exchanger with dicarboxyl groups func-
tionalized. One of the reasons may be that the more binding sites,
the larger adsorption capacity the material. In addition, we found
that MSA has higher adsorption ability than MAA to trivalent
arsenic due to stronger coordination interaction of carboxyl at
sufficient concentration in the eluent [25]. Herein, we computed
the docking energies of three materials and Cr(III). These materials
used MSA (in this work), MAA [30] and CES [24] as carboxyl func-
tional monomers. The complexes formed by the materials
combining Cr(III) are named Cr-MSA, Cr-MAA and Cr-CES respec-
tively and their molecular structures are showed in Fig.1. TheDEs of
Cr-MSA, Cr-MAA and Cr-CES are �483, �366 and �387 kJ mol�1,
respectively. Our material Cr-MSA has the lowest docking energy,
which indicates that it can form a most stable complex with Cr(III).
Therefore, MSA was chosen as the functional monomer in the
preparation of our monolithic column.
3.2. Characterization of hybrid monolithic column

It can be seen from the SEM image (Fig. 2) that carboxyl-
functionalized hybrid monolith has a uniform morphology and
can be tightly bonded to the inner wall of the capillary. The porous



Fig. 3. FT-IR spectrum of carboxyl-functionalized hybrid monolith as well as mono-
mers MSA and g-MAPS.
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structure consisted of interconnecting spheres with a uniform size
with the diameter of ~1.2 mm and rough surface, which enabled fast
and homogeneous mass transfer and provided a large specific
surface area (39.6 m2/g) for the hybrid monolith. Meanwhile, the
monolithic column has a macroporous structure that allowed it
with good permeability and low column pressure. EDS (Fig. S2) and
elemental mapping (Fig. S3) illustrated that there were C, O, Si and
S in the prepared monolithic material. Their weight percentages
were 28.48%, 48.04%, 22.76% and 0.72%, respectively from EDS. As
shown in elemental mapping, these four elements homogeneously
dispersed on the surface of the material. The accurate contents of C,
H, N and S were further determined by EA as 21.56%, 2.27%, 0.34%
and 0.85%, respectively. The existence of sulfur implied that MSA
was clicked onto themonoliths. It can be seen from the FT-IR (Fig. 3)
that there are stretching vibration peaks of SieO, C]O, CeH and
OeH peaks at 1100, 1720, 2942 and 3426 cm�1, respectively. C]O
absorption is attributed to the carbonyl groups from MSA and g-
MAPS. More importantly, the characteristic absorption at
1460 cm�1 may come from CH2eSeC deformation vibration bands,
corresponding to CeSeC generated by “thiol-ene” click reaction.
The XPS survey scan result showed that C 1s, O 1s, S 2p and Si 2p
core-levels existed, and detail C 1s spectrum of the material was
drawn in the right inset in Fig. S4. Among the seven deconvoluted
peaks of C 1s, 287.9 and 289.0 eV were respectively assigned to the
binding energies of CeO and C]O, and 285.7 eV belonged to the
binding energy of carbon bonding with sulfur (CeS). All the above
characterization results indicated that MSA was successfully
modified onto the monolithic material.

3.3. Optimization of preparation for hybrid monolithic column

It is necessary to activate the fused-silica capillary by rinsing
with NaOH and HCl in sequence so that silanol groups are obtained
in the inner wall. Then the monolith can be attached to the inner
wall of the capillary. According to our previous observation [25], the
optimal condition of activation was 1.5 mol L�1 NaOH and HCl for
rinsing 12 h, respectively. During the synthesis of carboxyl-
functionalized hybrid monolithic column, MSA, as a functional
monomer that provided carboxyl groups, not only reacted with g-
MAPS in the process of click reaction, but also provided enough
Fig. 2. SEM images of carboxyl-functionalized hybrid monolithic capillary
acidity to keep mixture under appropriate pH condition for the
hydrolysis of TMOS and g-MAPS under low temperature. At the
appropriate pH, TMOS and g-MAPS will hydrolyze correctly rather
than copolymerize. V50 was an initiator to the “thiol-ene” click
reaction. Under the catalysis of V50, mercapto groups provided by
MSA and vinly groups provided by g-MAPS formed CeS bond.
Meanwhile, PEG-20000 was used as porogen and phase-separation
inducer, and urea was used to provide alkalinity by releasing
ammonia via thermal decomposition. Under this alkaline condition
TMOS and g-MAPS will copolymerize.g-MAPS is an alkenyl-
containing silane reagent, which reacts with MSA as a reactant in
the “thiol-ene” click reaction. At the same time, TMOS and g-MAPS
are also precursors for the synthesis of the monolithic column
materials. We need to study their proportion and dosage. TMOS
forms the skeleton of the monolithic column. The low dose will
make the monolithic column loose and cannot be attached to the
inner wall of capillary. The high dose will make the monolithic
column skeleton too dense, and the liquid cannot penetrate
through the capillary monolithic column, causing serious blockage.
. A. � 180; B. � 250; C. � 2.00k; D. � 6.00k; E. � 18.0k; F. � 50.0k.



Fig. 4. Adsorption rates of Cr(III) and Cr(VI) on carboxyl-functionalized monolithic
column under different pH. Experimental conditions: Cr(III) and Cr(VI) concentration,
20 mg L�1; flow rate, 20 mL min�1; sample volume, 1.0 mL.
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The materials were synthesized by setting the ratio of TMOS and g-
MAPS to 1.5:1, 2:1, 3:1, and 4:1 while the volume of g-MAPS was
fixed as 0.1 mL. As shown in Fig. S5, only when the ratios were 1.5:1
and 2:1 the materials were not gelatinous solid. In addition, lower
TMOS dose brought lower silane reagent density in the monolithic
column, which made skeleton not stable enough. So the ratio of 2:1
was used in the next experiments.

The pH in the experiment needs to be strictly controlled because
TMOS and g-MAPS are sensitive to acidity. In our previous study
[18], TMOS and g-MAPS hydrolyzed under acidic condition
controlled by acetic acid. When added urea decomposed after
heating up, released ammonia neutralized the acetic acid andmade
the solution alkaline, promoting TMOS and g-MAPS to copoly-
merize. However, after the introduction of MSA, the acidity of the
solution was greatly enhanced so that extra base was needed to
adjust the pH. We chose NH3$H2O to neutralize the acidity pro-
vided by MSA. Firstly, 0.625 mL 12.5%, 10.0%, 7.5%, 5.0% and 2.5%
NH3$H2O were respectively added into the same mixture of other
reaction reagents. As soon as NH3$H2O was added to the mixture,
the solution solidified instantly (Figs. S6eA). When 0.625 mL 2.0%,
1.5%, 1.0% and 0.5% NH3$H2O were respectively added, the first two
precipitated when adding NH3$H2O and the last two formed a gel
or solid only after heating (Figs. S6eB). Finally, 0.625 mL 1.0%, 0.9%,
0.8%, 0.7% and 0.6% NH3$H2O were respectively added (Figs. S6eC)
and the first three formed white solids beneficial to form stable
monolithic column. Since weak acids and bases form buffer salts,
0.8%e1.0% NH3$H2O could be acceptable and ultimately we chose
0.9% ammonia solution composed of 0.225 mL 2.5% NH3$H2O and
0.4 mL H2O. In the case of adding more or more NH3$H2O, the re-
actants began to polymerize to form sediment before the hydrolysis
process. Only by adding an appropriate amount of NH3$H2O, TMOS
and g-MAPS can hydrolyze normally. Then, with temperature rising
and the urea decomposing, TMOS and g-MAPS copolymerized in
the capillary to form desired monolithic skeleton supporting the
grafting of carboxyl groups by “thiol-ene” click reaction with MSA.

3.4. Optimization of SPE for Cr(III)

The pH of solution is a key factor affecting the adsorption of
inorganic chromium. We investigated the adsorption behavior of
Cr(III) and Cr(VI) by the hybrid monolithic column in the range of
pH 1.0e8.0 with 1.0 mL 20 mg L�1 Cr(III) and Cr(VI) loaded at
20 mL min�1

flow rate, and the results are shown in Fig. 4. It can be
seen that in the range of pH 3.0e7.0, the adsorption rate of Cr(III) by
the monolithic column was close to 100%. During this pH range,
carboxyl functional groups on the monolithic column materials
existed as negative ions (-COO-), and the trivalent chromium ions
tended to exist as positive ions such as Cr3þ and Cr(OH)2þ [32].
Cr(III) will combine with -COO- to form stable complexes mainly by
coordination and electrostatic interaction. When pH > 7.0, Cr(III)
will hydrolyze and may not be detected so that the adsorption rate
decreased. The hybrid monolithic column nearly did not adsorb
Cr(III) when pH < 3.0 because carboxyl functional groups hardly
adsorbed Cr(III) owing to their electric neutrality at this pH. On the
other hand, Cr(VI) mainly existed in the form of anions such as
HCrO4

�, CrO4
2�, and/or Cr2O7

2� in the whole tested pH range [22,24].
When pH > 4.0, electrostatic repulsion between Cr(VI) and negative
carboxylate groups resulted in that the monolithic column hardly
adsorbed Cr(VI). From pH 1.0e4.0, some of carboxyl groups tended
to be neutral eCOOH and a small amount of Cr(VI) can be adsorbed
due to the weakened electrostatic repulsions. Therefore, loading
solution pH 4.5 was used for adsorbing Cr(III) in the subsequent
experiments.

To further validate the adsorption mechanism of Cr(III) on the
prepared monolithic column, monolith material adsorbing Cr(III)
was taken for XPS measurement. In the five peaks deconvoluted
from the detail Cr 2p spectrum of monolith material binding Cr(III)
(Fig. S7), two distinct peaks of coordinate bonds belonged to the
binding energies of Cr(III) complexed by carboxyl groups (574.1 eV)
and carbonyl (574.9 eV), which revealed that not only electrostatic
attraction, but also complexation interaction have taken place be-
tween Cr(III) and carboxyl groups on the monolith material at pH
4.5.

The speed of sample loading also affects the adsorption per-
formance of the hybrid monolithic column to chromium. We
loaded 1.0 mL of 20 mg L�1 Cr(III) solution (pH 4.5) through the
monolithic column at different flow rates (10e150 mL min�1)

(Fig. S8). It can be seen that when the flow rate exceeded
50 mL min�1, the adsorption rate started to decrease. It indicated
that when the flow rate increased, the combination of carboxyl
functional groups and Cr(III) became weaker, resulting in the
decrease of adsorption. Therefore, we chose 20 mL min�1 as the
sample flow rate for subsequent experiments.

After optimizing the condition of pH and flow rate, we selected
20 mg L�1 Cr(III) solution and controlled the sample volume be-
tween 0.5 and 5.0 mL to investigate the effect of sample volume on
the adsorption. From Fig. S9 we can see that the adsorption rate of
Cr(III) was always above 90%. Considering the time cost, we chose
sample volume of 1.0 mL for subsequent experiments. In addition, if
we need to obtain a larger enrichment factor, we can further in-
crease the sample volume.

Cr(III) and carboxyl-functionalized hybrid monolithic column
are mainly combined by coordination and electrostatic interaction.
Combination between carboxyl groups and Cr(III) is not very strong
[24] and Cr(III) cannot be adsorbed under strong acid condition
[26], so that Cr(III) can be eluted from thematerial only by changing
the pH in the column. We selected 0.2, 0.5, and 1.0 mol L�1 of hy-
drochloric acid and nitric acid respectively as eluents to elute Cr(III)
and collected once every 200 mL for five times. It can be seen in
Fig. 5 that almost no Cr(III) was detected in the second time, indi-
cating that 200 mL of eluent was sufficient to elute Cr(III) from the
monolithic column. In addition, the elution efficiency of hydro-
chloric acid is obviously superior to nitric acid, and the recovery
rate increases up to 100% with the increasing concentration. Cr(III)
was absorbed due to coordination and electrostatic interaction so
that the higher the acid concentration, the closer the recovery rate
was to 100%. When 200 mL 1.0 mol L�1 hydrochloric acid was used
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to elute Cr(III), the recovery rate was 104% but that of other eluents
was below 100%. Therefore, 1.0 mol L�1 hydrochloric acid was
selected as the eluent in subsequent experiments. In addition, we
also set elution flow rate as 20 mL min�1 that was consistent with
loading flow rate.

In order to explore the application potential of the proposed
method, the effect of Cr(III)/Cr(VI) concentration ratio on the re-
covery of Cr(III) was investigated. A wide range of Cr(III)/Cr(VI)
ratios were studied varying from 1:10 to 10:1. It can be seen in
Fig. S10, the recoveries of Cr(III) were in the range of 87.5e100%,
indicating that the ratio of Cr(III)/Cr(VI) hardly affects recovery of
Cr(III) in the tested range.
Fig. 6. Freundlich (A) and Langmuir isotherm (B) for Cr(III) on carboxyl-functionalized
monolithic column.

Table 1
Recoveries of Cr(III) on carboxyl-functionalized monolithic column under the
interference of different ions (mean ± sd, n ¼ 4). Experimental conditions: Cr(III)
concentration, 20 mg L�1; flow rate, 20 mL min�1; sample volume, 1.0 mL (pH 4.5).
3.5. Adsorption capacity and preparation reproducibility

In order to evaluate the adsorption performance of the carboxyl-
functionalized hybrid monolithic column material, we continu-
ously injected 2.0 mg L�1 Cr(III) solution at pH 4.5 into a 5 cm
length carboxyl monolithic column for 0.5 mL each time. The
absorbed Cr(III) was calculated by determining concentration of
effluent and subtracting it from original solution concentration.
Based on weight of 5 cm length carboxyl monolithic column, the
adsorption capacity of the monolithic column for Cr(III) was
calculated as 2.72 mg g�1.

Furthermore, the adsorption isotherm of Cr(III) (Fig. S11) on the
carboxyl monolithic columnwas obtained and then, Freundlich and
Langmuir models (Fig. 6) were applied to study the adsorption
isotherm, which were respectively expressed as

lg (qe) ¼ 1/n lg (ce) þ lg (KF)

ce/qe ¼ KL/qm þ ce/qm

where qe was the adsorption amount (mg g�1) of Cr(III) under
equilibrium, ce was Cr(III) concentration in solution (mg L�1) under
equilibrium, qm represented the maximum amount of Cr(III) that
could be adsorbed on the monolithic column. KF and n were the
Freundlich constants depicting the adsorption process. KL (mg L�1)
was a constant of Langmuir model. Langmuir isotherm explains
homogeneous and monolayer adsorption onto a surface and
Freundlich isotherm explains multilayer adsorption on a
Fig. 5. Recovery rates of Cr(III) on carboxyl-functionalized monolithic column under
different eluents with different volumes of eluents. Experimental conditions: Cr(III)
concentration, 20 mg L�1; flow rate, 20 mL min�1; sample volume, 1.0 mL (pH 4.5).

Ions Concentration (mg mL�1) Recovery (%)

Pb2þ 1 91.3 ± 4.8
Cu2þ 1 93.0 ± 0.7
Fe3þ 1 93.0 ± 3.7
Ni2þ 5 98.0 ± 0.4
Al3þ 5 96.0 ± 2.7
Mg2þ 20 96.1 ± 3.0
Zn2þ 50 95.6 ± 1.0
Ca2þ 100 96.7 ± 1.4
Kþ 100 94.8 ± 0.0
Naþ 100 87.5 ± 4.8
PO4

3- 5 95.7 ± 1.6
SO4

2- 20 96.1 ± 3.0
NO3

� 30 96.0 ± 2.7
Cl� 50 93.0 ± 3.7
heterogeneous surface. As shown in Fig. 6, the adsorption equilib-
rium of Cr(III) on the monolithic column was fitted to Freundlich
model in spite of that 2.72 mg g�1 was lower than 5.87 mg g�1 in
our previous work [24].

In order to further analyze the reproducibility of the preparation
of this hybrid monolithic column, we measured the recovery of the
monolithic column prepared from the same batch (n ¼ 6) and
different batches (n ¼ 6) for 20 mg L�1 Cr(III) solution under the



Table 2
Determination of Cr(III) and Cr(VI) in environment waters (mean ± sd, n ¼ 4). Experimental conditions: flow rate, 20 mL min�1; sample volume, 1.0 mL (pH 4.5); HCl volume,
0.2 mL.

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

Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(VI)

Yangtze River water 0 0 0.81 ± 0.08 0.20 ± 0.14 e e

5.0 0.5 5.11 ± 0.09 0.79 ± 0.20 88 112
0.5 5.0 1.20 ± 0.07 5.59 ± 0.15 92 108

Jiuxiang River water 0 0 0.65 ± 0.18 e e e

5.0 0.5 5.87 ± 0.15 0.63 ± 0.13 104 90
0.5 5.0 1.02 ± 0.07 5.15 ± 0.45 89 103

Yangshan Lake water 0 0 0.43 ± 0.03 e e e

5.0 0.5 5.37 ± 0.19 0.48 ± 0.11 99 96
0.5 5.0 0.97 ± 0.18 5.19 ± 0.20 102 104
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optimized procedure. The intra- and inter batch relative standard
deviations (RSDs) of the efficiencies were 1.0% and 1.1%, respec-
tively. Moreover, we repeatedly used the same monolithic column
for successive 10 times, and recovery obtained were all above 85%
(Fig. S12). All above results showed that our prepared hybrid
monolithic column material has good stability, repeatability and
reproducibility.
3.6. Interference of co-existing ions

We investigated the adsorption effect of the carboxyl-
functionalized hybrid monolithic column on Cr(III) when different
coexisting ions existed in the solution.We used a total of 1.0 mL of a
solution containing 20 mg L�1 Cr(III) and high concentrations of
interfering ions as the loading solution tomeasure and calculate the
Cr(III) adsorption rate. The results are shown in Table 1. In existence
of high concentration of Mg2þ, Zn2þ, Naþ, Ca2þ and Kþ and other
metal ions that may compete with Cr(III) in environmental waters,
such as 5 mg L�1 Al3þ and Ni2þ, and 1 mg L�1 Fe3þ, Cu2þ and Pb2þ,
the recovery of Cr(III) by the monolithic column remained above
85%. In the presence of common anions such as 5 mg L�1 PO4

3�,
20 mg L�1 SO4

2�, 30 mg L�1 NO3
� and 50 mg L�1 Cl�, the recovery

also remained above 90%. It can be seen that the prepared mono-
lithic column has good anti-interference ability for Cr(III)
enrichment.
3.7. Analytical performance and real sample analysis

The detection limit of Cr(III) for the hybrid monolithic column
was 0.01 mg L�1, the calibration curve was in the range of
0.05e50 mg L�1 (r2 ¼ 0.9999) with the enrichment factor of 5. By
measuring Cr(III) and Cr(VI) concentrations in three kinds of
environment water samples, we evaluated the accuracy of our
proposed method.

A comparison the developed method with other reported
methods for speciation of Cr(III) is summarized in Table S2. It can be
seen that our method involving ICP-MS offered relatively high
sensitivity. More interestingly, the mesoporous silica and magnetic
materials compared, one-pot preparation of the hybrid monolithic
column via “thiol-ene” click reaction was simpler and more
convenient.

The CRM of environmental water sample (GBW 08608) was
used to verify the accuracy of the developed method. The analytical
results are given in Table S3 and the determined value of total Cr
was in good agreement with the certified value. Moreover, it can be
seen in Table 2 that the spiked recoveries of all samples are in the
range of 88%e112%, indicating that our method can be applied to
speciation analysis of chromium in environment water samples.
4. Conclusions

In this work, we used “thiol-ene” click reaction to prepare a new
type of carboxyl-functionalized hybridmonolithic column via “one-
pot” method with the selection of functional monomer MSA via
computational simulation. Due to the facile preparation, excellent
permeability, stability and selectivity towards Cr(III) with moderate
interaction, the hybrid monolithic column can be employed as
promising capillary microextration adsorbent coupled to ICP-MS to
achieve noninvasive speciation separation and analysis of Cr(III)
and Cr(VI) in real environmental water samples, with the charac-
teristics of mild conditions, high sensitivity, and good repeatability.
To the best of our knowledge, this work is the first time to syn-
thesize carboxyl-functionalized hybrid monolithic column in
capillary based on efficient “thiol-ene” click reaction and facile
“one-pot” method. The design strategy of the hybrid monolith may
provide valuable and interesting reference for the development of
other functionalized hybrid monolithic columns.
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