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Abstract: A porous monolithic sol-gel column with the solution of methacrylox-
ypropyltrimethoxysilane in toluene with an acid catalyst was quickly prepared
using microwave irradiation. Three typical silica based capillary monolithic
columns prepared were used to evaluate the separation of some typical model
compounds in the modes of CEC, pressure assisted CEC, and low pressure driven
separation. Baseline separation of the analytes including thiourea, benzene,
toluene, ethyl benzene, biphenyl, and naphthalene could be obtained by the poly-
mer with a length of 10 cm. A scanning electron micrograph of a cross section of
the capillary column showed that the gel took the form of a spherical particle
aggregate and adhered to the column inner wall.

Keywords: Electrochromatography, In-situ polymerization, Microwave irradia-
tion, Monolithic column

INTRODUCTION

As a hybrid of high performance liquid chromatography (HPLC) and
capillary electrophoresis (CE), capillary electrochromatography (CEC)
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has attracted numerous groups to this rapidly growing research area over
the past decade.[1–3] Monolithic capillary columns, based on a continuous
and porous media produced in situ, are one of the most competitive chro-
matographic column technologies because of their unique properties like
fast separation, high lineal flux velocities, and nonrequirement of frits.[4–6]

The preparation of most monolithic columns such as silica based and
organic polymer based monolithic columns for HPLC, micro-HPLC,
and CEC by in situ polymerization are generally UV and thermally
initiated.[7,8] In a general sense, photopolymerization refers to the use
of electromagnetic irradiation as the energy source for the polymerization
of monomers, oligomers, and polymers. Although ultraviolet visible light
and conventional heat are mainly used for this purpose, photopoly-
merization can also be induced by ionizing radiation (e.g., electron beam,
c, and x-ray), infrared, microwave, or even ultrasound.[6,9] Methacryloxy-
propyltrimethoxysilane (MPTMS), which contains both methacrylate
and alkoxysilane groups, was often used to prepare a photopolymerized
or thermal polymerized sol-gel in a single step reaction.

The Zare group have used it to fabricate porous CEC monolithic
columns and sol-gel frits using Irgacure 1800 as photoinitator, but the
capillary generally had not enough mechanical stability after the removal
of a stripe of polyimide coating.[10–13] Moreover, Zheng, et al. prepared
the similar monolith in a 100 mm I.D. UV transparent capillary using
MPTMS as the monomer.[14] The feasibility of applying this column
for the CEC-MS separation and detection of 16 polycyclic aromatic
hydrocarbons (PAH), and 11 alkyl phenyl ketones was investigated.
A porous polymerized sol-gel (PSG) monolith was also synthesized in the
separation channel of a borosilicate glass chip via UV irradiation of a
mixture of MPTMS, an acid catalyst, a porogen, and a photoinitiator.[15]

Toyo’oka and coworkers performed capillary pretreatment using
MPTMS to form an anchor onto the silicate matrix and prevent the
gel from being leached out of the capillary.[16,17] The polymerization
process could also be initiated in principle by thermal initiation, but
capillaries filled with the similar reactant solutions must be incubated
at 60�C for 24 h.[18]

Initiation by conventional heating presents the disadvantage of long
reaction time due to the slow heat convection, while photopolymerization
necessitated use of expensive capillaries with UV transparent outer coat-
ings. Compared with traditional methods, microwave irradiation has the
advantages of being volumetric, direct, selective, and instantaneously
controllable. Microwaves can penetrate the material placed inside its
fields. All the molecules of material are subject to the electromagnetic
field, although the field strength decreases as it gets deeper into the mate-
rial. Here, to the best of our knowledge, it was first attempted to prepare
the monolithic capillary column using microwave irradiation instead of
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the traditional methods of UV light and thermal initiation. The chro-
matographic and electrophoretic behaviors of the studied monolithic col-
umns have been comparatively evaluated in the modes of CEC, pressure
assisted CEC, and low pressure driven separation in this work. Various
different operational parameters, such as column temperature, separation
voltage, acetonitrile content, and buffer pH, were varied to assess their
influence on column performance. Baseline separation of some typical
neutral compounds could be obtained under the optimal condition, such
as thiourea, benzene, toluene, ethyl benzene, biphenyl, and naphthalene.
It provided a viable alternative to either thermally initiated or photo-
polymerization for the novel preparation of monolithic columns.

EXPERIMENTAL

Instrumentation

All CEC experiments were performed on a Agilent 3D CE system (Agilent
Technologies, Inc., Walbronn, Germany) equipped with a diode array
detector and the capability to apply up to 12 bar pressure to one or both
ends of the capillary. The rinse of all prepared monolithic columns was
carried out using a HP1100 Series HPLC system (Agilent Technologies,
Inc., Walbronn, Germany) equipped with a quaternary pump. The irra-
diation step was carried out in a home microwave oven (Midy Co.Ltd.,
Guangdong, China) with the largest output power of 700 W and a
frequency of 2450 Hz. An FEI QUANTA 200 Scanning Electron Micro-
scope (Philips-FEI, Holland) was used to study the morphology of the
monolith. A capillary with the monolith was sectioned into 10 mm
segments without sputtering with gold.

Materials and Chemicals

Fused silica capillaries (75 mm inside diameter, 375 mm outside diameter)
were purchased from Yongnian Ruipu Optic Fiber Plant (Yongnian,
Hebei Province, China). MPTMS, AIBN, Sodium dodecyl sulfate (SDS),
acetonitrile (ACN), ammonium acetate, thiourea, benzene, toluene, ethyl
benzene, biphenyl, naphthalene, were purchased from Beijing Chemical
Reagent Company and Tianjing Chemical Reagent Company, China.
Distilled water was obtained from a superpurification system (Danyang-
men Corporation, Jiangsou, China). The buffers used in the experiments
were prepared with various volume ratios of 50 mM ammonium acetate,
water, and CAN; all solutions were degassed with ultrasonication
and filtered through a membrane (0.45 mm) before use. In a typical
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chromatographic and electrophoretic experiment, aromatic hydrocar-
bons were dissolved in methanol and injected for peak identification.

Preparation of the Sol-Gel Columns

Prior to filling the reactants into the capillary, it was pretreated with the
following procedure.[3,18] First, the capillary column with a length of
40 cm was rinsed with 1 M NaOH for 30 min and then with 0.1 M HCI
for 30 min. After subsequent flushing with H2O for about 30 min, it
was dried by the passage of nitrogen gas. The purpose of capillary pre-
treatment is to increase the concentration of surface silanol groups. Since
silanol groups on the capillary surface represent the principal binding
sites for in situ created sol-gel stationary phases, higher concentration
of these binding sites on the capillary surface would facilitate the for-
mation of highly secured sol-gel stationary phases through chemical
bonding with the capillary inner walls. In general, the sol-gel reaction
in our experiment involved the following steps:[19,20] (1) the hydrolysis
of MPTMS; (2) as the sol-gel reactions proceed, the products of hydro-
lysis undergo polycondensation reactions in a variety of ways: the hydro-
lyzed product of MPTMS; its product and the silanol or alkoxy group on
the growing sol-gel network; the silanol groups on the inner capillary
surface and sol-gel reaction products in their vicinity; (3) the condensed
products can then undergo further condensation reactions to create a
three-dimensional sol-gel work. The sol-gel network growing in the vici-
nity of the capillary walls may eventually become anchored to the inner
capillary surface through chemical bonding with the silanol moieties
residing along the inner fused silica capillary surface. In addition, the
break up of carbon-carbon double bonds (C¼C bonds) of molecules
in the monomer due to microwave irradiation could lead to polymeriza-
tion quickly. By this process of destroying carbon-carbon double bonds,
the molecule itself becomes highly reactive and links itself to another
highly reactive molecule. By this forming of very long macromolecules
the liquid monomer changes to a solid polymer that can have totally dif-
ferent properties from the liquid monomer.

In the sol-gel reaction, the HCl catalyst plays an important role in the
hydrolysis and condensation reactions.[10–13] Polymerization having
morphologies with different permeabilities and surface areas were prepa-
red by varying the ratio of the monomer stock solution to toluene (poro-
gen). The porogen acts as a through pore template and solubilizer of
the silane reagent during the reaction. It is noted that alkoxysilane based
sol-gel precursors usually show poor solubility in water. Therefore,
we choose SDS as one of the sol solution components to achieve a
homogeneous system with all the sol-gel ingredients effectively dissolved
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together.[18] Here, some columns were prepared with some changes, such
as the acid degree, mixture composition, irradiation power, irradiation
time, and three typical columns were chosen for the comparative evalua-
tion.[21,22] Briefly, a monomer stock solution, a mixture of 225 mL
MPTMS and 75 mL 0.1 M hydrochloric acid, was stirred for 30 min. at
room temperature, then 1700 mL toluene and 89 mg AIBN were added to
the monomer stock solution in the absence of SDS (Column A). In the
comparative experiment, a reactant was respectively prepared with the
above solutions, subsequently, 100 mg SDS was additionally added to
the monomer stock solution for obtaining the homogenous phase and
stirred for another 30 min at room temperature (Columns B and C). After
the pretreated capillary was partially filled with the mixture to a set posi-
tion, the capillary was sealed at both ends with glue and rubber stoppers.
The partially filled capillaries were irradiated in a home microwave oven
using an output power of 350 W.

After irradiation, the capillaries were washed with methanol using a
HPLC pump to remove any unreacted reagents and cut to 33 cm for the
next use. A window about 1 cm length was created immediately by
scraping the polyimide coating of the capillary after the column bed. Once
fabricated, the capillary was installed in an Agilent CE cartridge. The
monolithic capillary was conditioned with the separation solution for
approximately 5 min using a syringe and a hand held vise. The column
was further conditioned electrokinetically in the CE instrument by
driving the mobile phase through the capillary at an applied voltage of
5 or 10 kV until a stable baseline was achieved.

RESULTS AND DISCUSSION

Chromatographic and Electrophoretic Performances on

the Typical Columns

The effects of irradiation time were varied to investigate the polymer
effects from 5 min to 100 min at any output power of the microwave oven
from 700 W to 70 W; the monoliths were formed easily, which showed
that microwaves can penetrate the fused silica capillary inside the electro-
magnetic fields, even using the lowest power (70 W). After columns A, B,
and C were prepared by microwave irradiation with an output power of
350 W, a reversed phase mechanism was observed in three modes, includ-
ing CEC, pressure assisted CEC, and low pressure driven separation.
Solution partitioning between the mobile and stationary phases is the
main mechanism responsible for retention of the neutral analytes. The
elution order of the column is similar to that of reversed phase chroma-
tography, the analytes with larger molecular weight or more hydrophobic
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analytes were eluted later than the analytes with smaller molecular weight
or more hydrophilic analytes. Elution of the analytes was obtained for
the mixture using columns A, B, and C in the above three modes (see
Figure 1). For the CEC mode, a pressure of 12 bar was applied at both
ends and a separation voltage was operated between the inlet and outlet.
Pressurization between the sample inlet and outlet could avoid the bulb
forming. In the mode of pressure assisted CEC (p-CEC), pressure only
added at the sample inlet and EOF was created by the high voltage,
which was the driving force for accelerating the separation. The versa-
tility of columns A, B, and C was also investigated in the mode of low
pressure driven separation, the 12 bar pressure was only applied at the
inlet (the maximum limit of the instrument). At this time, no high voltage
was applied between the capillary inlet and outlet, but all analytes still
eluted showing a good permeability for columns A, B, and C. The chroma-
tographic and electrophoretic separation of the typical model compounds
were comparatively shown for column A, B, and C (see Figure 2).

Figure 1. Schematic diagram of preparation of monolithic columns by micro-
wave irradiation.
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Apparently, it is easily understood that the separation time becomes
shorter and shorter in the order of pressure assisted CEC, CEC and
low pressure mode, respectively.

The effect of sol-gel polymer length in the capillary on analyte elution
times was studied for lengths of 0, 10, 23.5 cm from the inlet to another
end (see Figure 1). As the length of the segment increased, the resolution
increased while each component eluted later. Baseline separation of the
test mixture was still achieved for monolith length equal to 10 cm; it
was better than the results from the previous reports, which the sol-gel
polymer was prepared by UV-photopolymerization.[10–13] Furthermore,
the resolution and retention time of model analytes also increased with
the prolonged irradiation time from 10 min to 20 min for columns B
and C. At high field strengths, it is expected that peak broadening will
occur as a result of Joule heating. Nevertheless, we observe that peaks
are sharpened further at higher field strengths. It appears that efficient
dissipation of the Joule heat generated at high field strengths occurs with
the monolith. In our case, there was only one exception that peak broad-
ening of column A was apparent in the mode of CEC, it was probably
attributed to the long blank column after the monolith or the absence
of SDS in the monomer mixture.[18]

It is worth noting that three columns withstand pressures of up to
30 MPa with no detectable damage. The network is achieved via the
hydrolysis of an alkoxy silicate followed by condensation then polymer-
ization. Denser monolithic beds are less permeable and higher pressures
are needed to drive liquid flow through. Superficially, column permeabil-
ity may seem irrelevant in CEC separation since EOF is the driving
force, in a CEC, to propel the mobile phase through the column without
requiring mechanical pressure.[21,22] However, columns with high perme-
ability provide some significant advantages, especially in p-CEC opera-
tion, pressure driven operation, and sample injection or quick flushing
of the capillary during column regeneration or equilibration.[25,26] The
macroporous monolithic structures facilitate the mobile phase flow
through the pores, and thereby, promotes effective solute=stationary
phase interaction by bringing them together. Effective solute transport
mechanism operating within this monolithic structure due to mobile
phase flow through the macropores, together with the flat flow profile
of EOF, leads to high speed and separation efficiency in CEC.

Effects of Temperature and Operation Voltage on Column A

Temperature is a controllable parameter that can be used to further opti-
mize CEC, p-CEC, and low pressure driven separation. It is apparent
that the relatively small changes in temperature (�10�C) cannot be
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neglected since they correspond to significant changes in migration time.
Figure 3 illustrates that when the column A temperature was increased
from 10�C to 40�C, the theoretical plate numbers decreased, and the
migration times of the analytes shortened as the electroosmotic flow velo-
city increased in the mode of p-CEC. This change in the electroosmotic
flow velocity in the prepared column is ascribed only to changes in the
buffer viscosity and not to structural changes in the monolith structure
as a function of temperature. The same trend of increasing migration
time with decreasing temperature is observed for pressure driven
(12 bar) separation and CEC mode (not shown).

Joule heat produced in the column is an important factor influen-
cing the separation, which is a result of the heat generated by the pas-
sage of an electrical current through the capillary. In our work, the
effect of operating voltage for columns A in the mode of p-CEC mode
was also investigated in Figure 4. As the voltage increases from 10 kV
to 25 kV, the migration time of the last eluted peak gradually decrea-
sed for column A. No bulb was formed in our experiment, which

Figure 3. Effects of temperature on the migration time and theoretical plate
number of seven analytes on column A in the mode of pressure assisted CEC.
Experimental condition: 12 bar (inlet) +20 kV; buffer 1:5:4, injection:10 KV�5s;
pH¼ 7.16; Temperature: 10�C� 40�C. Other condition and peak identification
is the same as Figure 2.
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showed that the Joule heating effect with small inner diameters (75 mm)
were not very serious.

Effects of Acetonitrile Content and pH on Column A

Figure 5 illustrates the dependence of the migration times of all analytes
on acetonitrile concentration in the buffer on the monolithic column A.
The acetonitrile composition of the mobile phase or buffer is in the range
of 40% to 70% (v=v). Only one peak is observed for the analytes when
acetonitrile concentration equals 70%. At 40% (v=v) acetonitrile, baseline
separation of seven compounds is achieved during 10 min, with peak
shapes being symmetrical. Partitioning of the analytes from the mobile
phase to the monolith phase, which is hydrophobic, is affected by the
amount of acetonitrile present in the mobile phase. At low volumes of
acetonitrile (i.e., higher volumes of water), partitioning is altered in favor
of the analytes, therefore, the analytes interact longer with the monolith
surface. The change in the elution times of the analytes with acetonitrile
concentration are expected for a reversed phase mechanism. In typical

Figure 4. Effects of voltage on the migration times on column A in the mode of
p-CEC. Experimental condition: 12 bar (inlet) þ10� 25kV; buffer 1:5:4, injec-
tion:10 KV�5s; pH¼ 7.16. Other condition and peak identification is the same
as Figure 2.
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reversed phase chromatography, the elution times decrease with an
increase in organic solvent concentration in the mobile phase. The pH
effect for the separation of all analytes is also investigated, electroosmotic
flow velocities do not change, apparently due to the relative stability of
total surface charge in the range of 4.02� 7.16 (not shown).

In addition, a system of study of the run-to run reproducibility of
column A (n¼ 6) was carried out with a reproducibility of retention time
and retention factor (k¼ (tr�t0)=t0) in the range of 1.63%� 1.88% and
0.29%� 0.43%, respectively, whilst the reproducibility for another three
columns was in the range of 28.74%� 29.45% and 1.33%� 2.61%. The
experiments were carried out in the mode of p-CEC with an operating
voltage of 30 kV and a buffer solution of 50 mM ammonium acetate=
water=acetonitrile (1:5:4, v=v=v). The chromatographic parameters were
shown in Table 1. Furthermore, for every single capillary monolithic col-
umn (A, B, and C), no apparent decrease of theoretic plates was observed
after the use of over 200 runs in three weeks, and baseline separation for
all test compounds can still be obtained, which shows the silica based

Figure 5. Effects of acetonitrile content on the electrochromatographic separa-
tion of seven analytes on column A in the mode of p-CEC. Experimental condi-
tion: 12 bar (inlet) þ20 kV; temperature¼ 20�C; injection 10KV�5s; pH¼ 7.16.
Buffer: 50 mM ammonium acetate: water: acetonitrile (v=v=v); 1:2:7 (a); 1:3:6
(b); 1:4:5 (c); 1:5:4 (d). Other condition and peak identification is the same as
Figure 2.
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capillary monolithic columns prepared by microwave irradiation have a
good mechanical strength and permeability.

Comparative Theoretic Plates and Retention Factors on Columns

A, B, and C

Figure 6 illustrates the comparative results of theoretic plates per column
(N=column) and retention factors for the columns A, B, and C in the mode
of p-CEC mode. With the shortest monolith length of 10 cm, the least
polymer is formed in a column with which the analytes can interact. With
the increase of monolith length, the k value of each analyte increases,
which is indicative of stronger retention of the analytes, but the theoretic
plates decrease, which is probably attributed to the effect of eddy diffu-
sion. With the increase of irradiation time, the monoliths seemed to have
formed more uneven pores. Clearly, the choice of irradiation time and
intensity is the important factor to control the morphology of the PSG
for the successful separation of the sample mixtures. These experiments
are carried out using a mobile phase or buffer with a 50 mM ammonium
acetate, water, and acetonitrile¼ 1:4:5 (v=v=v). It should be noted, that
baseline separation of the mixture can be obtained for column A with
the largest theoretic plates and fastest separation time when the ACN
decrease to 40%. For the monolithic columns A, B, and C, the efficiencies
up to 10427 plates=column, 4993 plates=column, and 1910 plates=column,
respectively, were achieved for thiourea, a less retained compound.

Table 1. Reproducibility of run to run, and column to column for column A

Retention time (t�, min) Retention factor

Reproducibility t0 t1 t2 t3 k1 k2 k3

Run to run 1 3.02 4.22 5.54 6.93 = = =
2 2.99 4.16 5.46 6.83 0.40 0.83 1.30
3 2.97 4.15 5.45 6.83 0.39 0.83 1.29
4 2.94 4.11 5.39 6.74 0.40 0.83 1.30
5 2.92 4.07 5.34 6.70 0.40 0.83 1.29
6 2.89 4.07 5.30 6.64 0.40 0.83 1.30

RSD (%) 1.87 1.63 1.88 1.79 0.43 0.29 0.36
Column to column 1 3.32 4.20 5.11 5.93 0.27 0.54 0.79

2 1.95 2.47 3.00 3.50 0.26 0.53 0.79
3 2.18 2.77 3.39 3.98 0.27 0.55 0.83

RSD (%) 29.45 29.43 29.30 28.74 1.33 1.93 2.61

�t0-thiourea, t1-benzene, t2-toluene, t3-ethyl benzene.
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Characterization of the Prepared Columns

Strict control of the morphology of the monolithic stationary phase is
important to obtain a generic porous monolithic material that provides
a good separation efficiency and a low resistance to flow. [6,7,27] The latter
is of prime importance, since it enables easy flushing of the column with
liquids that are used in the subsequent separation in the modes of p-CEC,
CEC, and low pressure driven separation. Figure 7 illustrated columns,
A, B, and C in which the well developed porous structure is visible and
no gap is seen between the monolith and the capillary walls confirming
the efficiency of attachment. The network is achieved via the hydrolysis
of an alkoxy silicate followed by condensation then polymerization by
microwave irradiation. The pore and channel size of monoliths for
column B and C seemed have formed bigger particle size and pores with
increasing polymerization reaction time. The SEM micrographs of each
column shows a structure comprised of an interconnecting network less
than 1.5 mm spherical structures, throughout which micrometer sized

Figure 6. Comparative theoretic plates and retention factors for columns A, B,
and C in the mode of p-CEC. Experimental condition: 50 mM ammonium
acetate, water, and acetonitrile¼ 1:4:5 (v=v=v); pH¼ 7.16; injection: 10 kV�5s;
20�C; DAD detector. Peak identification: 1. thiourea, 2. benzene, 3. toluene, 4.
ethyl benzene, 5. biphenyl, 6. naphthalene, 7. phenanthrene.
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through pores are interspersed. Although the density of the microwave ini-
tiation sol-gel skeleton seemed less than those previously reported,[7–9]

better permeabilities were obtained, which ensured the quick separation
in three modes. This was probably attributed to the different initiation
method for the polymerization process.

CONCLUSIONS

A simple and fast procedure for the in situ preparation of a sol-gel mono-
lith in a capillary was first attempted by microwave irradiation. The main
advantage of microwave irradiation as an energy source is its short reac-
tion time and a required lower expense, which possesses significant
advantages over conventional heating. On the other hand, use of capil-
laries with UV transparent outer coatings in the photopolymerization
was avoided, which tend to be more expensive than conventional polyi-
mide coated capillaries. Here, our first attempts showed that microwave

Figure 7. Scanning electron micrograph of monolithic columns A, B, and C.
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radiation synthesis of porous sol-gel supports within the capillary are a
viable alternative to either thermally initiated or photo polymerization.
To better understand and control the microwave irradiation accurately,
how electromagnetic fields are established inside the capillary and materi-
als, and how they interact with the material at the molecular level, further
research studies should be carried out.
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