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This paper describes the comprehensive fabrication of monolithic
materials for use as stationary phases in capillary liquid chromatog-
raphy. Several columns were synthesized in the confines of
320 pm i.d. fused-silica capillaries by single-step in situ copolymer-
ization of benzyl methacrylate and ethylene dimethacrylate (EDMA).
The polymerization procedure was optimized by varying the reac-
tion time within the range of 0.5-20 h, and by changing the com-
position contents of the polymeric mixture. The EDMA content
showed a predominant influence on the characteristics of the
columns and hence, on their chromatographic properties. The
optimum value of the thermal initiator corresponded to 5 mg/mL.

Changes of the porous, hydrodynamic properties and morphology
of the prepared columns were thoroughly investigated and charac-
terized. Different solvents were used as the mobile phase to dem-
onstrate that the resulting monoliths exhibited good permeability
and mechanical stability, whereas swelling and shrinking behaviors
were observed and discussed. The efficiency and performance
toward different sets of analytes were obtained; mixtures of aro-
matic hydrocarbons and phenolic compounds were successfully
separated and evaluated, and adding tetrahydrofuran to the mobile
phase showed improvement in both resolution and peak shapes.
The characteristics of the columns were also checked in terms of
repeatability and reproducibility.

Introduction

Capillary liquid chromatography has been one of the most
important developments in separation and analysis technology
in the few last years. Capillary liquid chromatography offers
several advantages over conventional normal scales. The advan-
tages include increased chromatographic resolution, higher ef-
ficiency, lower consumption of samples and solvents, the ability
to analyze and isolate rare compounds of interest, greater mass
sensitivity and ease of online connection to a mass spectrom-
eter (1-3). Traditionally, capillary liquid chromatography uses
fused silica capillaries prepared with a variety of stationary
phases; this technique seems to be very promising in separating
a wide variety of analytes in different application fields (4—10).
However, its successful development is closely related to the
technical challenges associated with column manufacturing.
Monolithic columns have rapidly become highly popular
and attracted increasing interest as separation media in all chro-
matographic methods. The unique structure of the monoliths
in addition to their ease of preparation offer improved chroma-
tographic performance and favorable properties for high
efficiency (11-14). Hjertén et al. (15) first introduced the use

of monoliths with capillary liquid chromatography in 1989,
and since that time, monolithic stationary phases have been
extensively studied for use in capillary liquid chromatography
(16-20). The chemical and physical properties of the mono-
lithic polymer depend, in addition to the preparation condi-
tions such as the reaction time and temperature, on the type
and concentrations of the monomer, crosslinker, porogenic
solvent and initiator. Several monoliths, including methacrylate
polymers (21-30), have been widely prepared and studied in
the literature. Several advantages are associated with using
methacrylate based polymers as monolithic stationary phases,
such as high stability in a wide range of mobile phase pH
(2-12), fast and simple preparation and easy functionalization.
Methacrylate monolithic columns have also various selectivities
toward monomers with wide ranging polarities (31, 32).
Poly(benzyl methacrylate-co-bisphenol A dimethacrylate and
ethylendimethacrylate) monoliths have been prepared by ultra-
violet (UV)-initiated copolymerization in the presence of
decanol and cyclohexanol as porogenic solvents and used for ca-
pillary electrochromatography (CEC) (33). In this study, more
than 30 monolithic columns (including preliminary and reprodu-
cibility experiments) were thermally prepared by one-step
in situ copolymerization of benzyl methacrylate (BMA) and
ethylene dimethacrylate (EDMA) in the presence of a suitable
porogen mixture (1-propanol, 14-butanediol and water) and
2,2’-azobisisobutyronitrile (AIBN). The concentrations of each
component, including AIBN initiator, were optimized and com-
pared; the upper and lower limits of percentage compositions
were set based on several preliminary experiments; the columns
were synthesized at 200 mm length and 320 um i.d. fused silica
tubing. The characterization and physical properties of the
prepared monolithic columns were thoroughly investigated. The
columns were chromatographically evaluated and applied to
the separation of different mixtures, including aromatic hydro-
carbons and phenols, by using a modified high-performance
liquid chromatography (HPLC) system. Repeatability and repro-
ducibility studies of the prepared columns were also performed.

Experimental

Chemicals and columns

Formic acid, benzene, naphthalene, 4-aminophenol, m-
nitrophenol and other chemicals used in the experiments were
of analytical grade and purchased from BDH (Lutterworth,
UK). 2-Naphthol and anthracene were provided by Merck
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(Schuchardt, Germany). Polystyrene standard with molecular
mass of 140,000 was purchased from Aldrich (Steinheim,
Germany). Standard solutions were prepared as follows: aromat-
ic compounds were dissolved in HPLC-grade hexane to provide
30 pg/mL of benzene and 60 pg/mL of naphthalene and
anthracene solutions. All phenol compounds were dissolved in
purified water at levels of 160 wg/mL for 4-aminophenol and
60 pg/mL for m-nitrophenol and 2-naphthol.

HPLC-grade acetonitrile, methanol, tetrahydrofuran and
hexane were purchased from BDH. The purified water used
throughout all experiments was prepared on a Milli-Q system
(Advantage with Elix; Millipore, Molsheim, France) and then fil-
tered with 0.2 um nylon membrane filter from Whatman
(Maidstone, UK). Before use, the mixed mobile phases were fil-
tered using a vacuum glass filtration system through the same
nylon membrane filters and degassed ultrasonically for 30 min.

Fused silica tubing (0.32 mm i.d.) was purchased from Restek
(Bellefonte, PA). The chemicals used for monolithic materials
preparation in this work were purchased from Aldrich as
follows: 98% 3-(trimethoxysilyl)propyl methacrylate (TMSM),
98% EDMA used as crosslinker, 98% BMA as monomer and
AIBN as thermal initiator. Toluene, hydrochloric acid, sodium
hydroxide, 1-propanol and 1,4-butandiol were acquired from
BDH. All chemicals were used without further purification.

Preparation of capillary monolithic columns

To clean and activate the inner capillary surface, the fused-
silica tubing (0.32 mm i.d.) was rinsed first with 1.0M NaOH
solution for 10 min and left for 30 min with the same solution,
then rinsed with water and dried in air for 10 min, twice for
cach step. The tubing was then flushed with 1.0M HCI for
20 min and dried with air for 5 min. After that, the capillary
was rinsed with toluene for 10 min, flushed with 20% TMSM
solution in toluene for 10 min and left with the same solution
for 4 h, then rinsed with toluene for 10 min and dried with air
for 5 min. The activated capillary was then cut into four pieces

Table |
Composition of the Polymerization Mixtures (Percentage v/v) Used for the Preparation of
Capillary Monolithic Columns

Column  BMA  EDMA  1-Propanol  1,4-Butandiol ~ Water  Porogen AIBN
content (mg/mL)
C1 10 10 48 24 8 80 10
C2 15 15 42 21 7 70 10
C3 20 20 36 18 6 60 10
C4 25 25 30 15 5 50 10
C5 10 15 45 225 75 75 10
C6 20 15 39 19.5 6.5 65 10
C7 25 15 36 18 6 60 10
C8 20 10 42 21 7 70 10
C9 10 20 42 21 7 70 10
C10 15 10 45 225 7.5 75 10
cn 15 20 39 19.5 6.5 65 10
C12 15 25 36 18 6 60 10
C13 30 20 30 15 5 50 10
C14 20 15 42 23 0 65 10
C15 20 15 36 16 13 65 10
C16 20 15 39 19.5 6.5 65 20
C17 20 15 39 19.5 6.5 65 15
C18 20 15 39 19.5 6.5 65 5
C19 20 15 39 19.5 6.5 65 3
C20 20 15 39 19.5 6.5 65 2
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(200 mm each in length) with a razor blade. In this study, a
series of monoliths was prepared with different compositions
of the polymerization mixtures (percentage, v/v), which are
described in Table L

The monomer mixture and the porogen solvents were
mixed into a homogenous solution, then sonicated and purged
with helium gas for 5 min. Each capillary column was filled
with the corresponding reactant solution and both ends were
plugged with a piece of rubber. The polymerization was per-
formed at 70°C for varying polymerization times (ranging from
0.5 to 20 h) to obtain rigid macroporous polymer monoliths.
After the polymerization, the seals were removed; the resulting
columns were connected to an HPLC pump and thoroughly
washed with acetonitrile to remove the unreacted materials
and porogenic solvents. The schematic procedure showing the
preparation of the reaction of monolithic columns is demon-
strated in Figure 1.

Porosity and bed permeability

The total column porosity (e;) is an important parameter
for column evaluation. In the literature, various methods are
available to measure €5 such as the flow method (34), the
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Figure 1. Schematic representation of the preparation procedure of monolithic
columns.



conductivity method (35) and the gravimetric method (306). In
this study, the flow method was used to evaluate e This
method is based on the determination of retention volume of
an unretained marker (uracil was used in this work) and the
geometrical volume of the empty column (because it can be
considered to be a long cylindrical tube), after correction for
extra-column volume contributions, depending on the tubes
used for connection. Because of the presence of two types of
pores in monolithic continuous separation media, both
through pores (corresponding to the external porosity, €,) and
mesopores (internal porosity, €,;) should be characterized. The
retention data of a polystyrene standard with 140,000 molecu-
lar mass using pure tetrahydrofuran as the mobile phase was
used for this purpose (37).

The permeability (K°) of a porous medium is a measure of
its capacity to transmit a fluid driven by an imposed pressure
drop across the column. Darcy’s law links the solvent viscosity,
pressure drop and e, to K° (38). Also, the Hagen—Poiseuille
equation (39) provides the pressure drop in a fluid flowing
through a long cylindrical pipe; this physical law has been used
to calculate the average diameter of monolithic channels
(macropores). The average velocity of the mobile phase over
the channel section (v) is obtained from integration of the
momentum transport equation that is derived on the basis of
Navier—Stokes equation.

Characterization of the monolithic columns

After chromatographic experiments were finished, the mono-
lithic rods in the tubes were washed and cut into small pieces,
then dried. The dried columns and monolith materials were
subjected to optical microscopy, scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectroscopy and
thermogravimetric analysis (TGA) characterization. The optical
microscope images were obtained using a Micromaster Fisher
Scientific optical microscope (G2009-A 702-042; Shanghai,
China), typically with 100-fold magnification. The pore proper-
ties and microscopic morphology of the polymers were charac-
terized by a Jeol (JSM-6380LA) analytical scanning electron
microscope (Tokyo, Japan) at 5 kV after the column samples
were splattered with platinum.

The FI-IR spectra were recorded on a Thermo Nicolet 6700
FT-IR spectrophotometer (Madison, WI). The resultant porous
monolith was removed from the vial, then crushed. The
powder was immersed in 1 mL (50:50, v/v) acetonitrile—water
and shaken for 10 min to remove any soluble compounds;
these processes were repeated twice. After vacuum drying, the
monolithic powder was thoroughly mixed with KBr in an ap-
proximate ratio of 1:20 and pressed into a pellet. The FT-IR
spectrum was then recorded at a resolution of 4 cm™ " over the
full mid-IR range (400—4,000 cm™"). TGA was conducted for
the monolithic material, prepared in the same way, with a
Mettler Toledo TGA/DSC 1 Stare System (Schwerzenbach,
Switzerland). The sample was heated from 25 to 400°C with a
heating rate of 10°C/min.

HPLC modification and conditions

All analyses were performed with a Shimadzu HPLC system
(Kyoto, Japan), including a pump (LC-6A), a Rheodyne 7125
manual injector, a UV detector (SPD-6A) and a C-ROA

integrator. The detector was set at different wavelengths
according to the analyzed compounds. Acetonitrile—water
solutions with or without acid additives at different ratios were
used as the mobile phase. All solutions were filtered through
0.2 um nylon membrane filter from Whatman prior to use. All
experiments were conducted at room temperature.

The HPLC system was successfully modified for the use of
micro-columns. The detector was equipped with a 2 cm path
length with 320 pm id. and 1.6 pL volume homemade cell. A
simple system was constructed for splitting both mobile phase
flow and injection volume, controlled by a custom-built adjust-
able flow splitter based upon a T-derivation piece connected
between the injector and the column. In this configuration,
both column and split flows could be adjusted by changing the
inner diameter or length of the splitting PEEK tubing (Varian,
Palo Alto, CA). In the present work, the selected splitting ratio
was 1:200 and the actual injection volume was fixed at 5 nL.

Results

Preparation and optimization of the monolithic columns
A series of monolithic columns was prepared with different
monomer, crosslinker, porogen and initiator percentage com-
positions, which are summarized in Table I. According to pre-
liminary studies, the BMA monomer (percentage v/v) in the
polymerization mixture was set in the range of 10-30%,
whereas the EDMA crosslinker (percentage v/v) was set in the
range of 10-25%. On the other hand, the AIBN initiator
content was varied between 2 and 20 mg/mL. The content of
cach component of the ternary porogenic mixture, 1-propanol,
1,4-butanediol and water, was in the range of 30-48, 15-24
and 5-13%, respectively.

Figure 2 shows the influence of polymerization time on the
permeability of Column C6 using acetonitrile as eluent at a
5 wL/min flow rate in the range of 0.5-20 h. Fifteen hours
were set for the next experiments, which corresponds to a
complete polymerization reaction.

Characterization of the monolithic columns

Hydrodynamic properties and porosity
Among the four solvents used, the highest measured back-pressure
using the same flow rate corresponded to tetrahydrofuran. This
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Figure 2. Dependence of hydrodynamic permeability on polymerization time for
Monolithic Column C6.
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result confirms that tetrahydrofuran causes a distinctive swelling
of the polymer rod in contact with this organic solvent, inducing
a decrease of the permeability and a higher back-pressure than
expected.

Numerical values for the permeability of the monolithic ca-
pillary columns were determined using acetonitrile, methanol,
water and tetrahydrofuran, which were passed through the
columns at a volumetric flow rate of 5 wL/min (corresponding
to a 1.04 mm/s linear flow velocity) and a temperature of 25°C
(room temperature). The pressure drops were measured and
the permeabilities were calculated and summarized in Table II.
The permeabilities with methanol and water are higher than
with acetonitrile and tetrahydrofuran in all cases.

Uracil was injected as a non-retained marker with aceto-
nitrile—water as the mobile phase (50/50, v/v) to determine
the total porosity of all prepared monolithic columns, the
values of which are reported in Table II. The total porosity for
all columns ranged from 57% (C4) to 80% (C10), except for
C1, which corresponded to 87% (the porosities of all other
columns were between the values for Columns C1 and C4).

1-Propanol, 14-butanediol and water were used as ternary
porogenic solvents; a higher fraction of 1,4-butanediol or water
induces smaller pores in the monolithic bed, which means
lower total porosity and permeability, whereas 1-propanol has
an opposite effect. In addition, studying the effect of the
content of AIBN initiator showed that the lowest total porosity
and permeability values were achieved when the AIBN content
was 5 mg/mL (C18); this concentration corresponds to the
optimum value of the thermal initiator.

For more accurate characterization of the performance of
the capillary columns, the pore-size distribution in monoliths
was characterized by the determination of the external, &,, and
internal, €, porosities. The results suggest that the external
porosities of the prepared monolithic columns lie in the range
of 0.55-0.59, whereas the internal porosities are in the range
of 0.15-0.19.

Table I
Porosities and Permeabilities of all Prepared Columns Using Acetonitrile, Methanol, Water and
Tetrahydrofuran as Mobile Phases

Column  Porosity (g7)  Permeabilities (K°) (m?)

Acetonitrile Methanol Water Tetrahydrofuran
C1 0.87 103x107"% 119%x 107" 184 x10° " 891 x 107"
C2 078 519x 107" 642x107"™ 995%x 107" 450 x 10"
c3 0.66 298x 107" 354x10°™ 550x 107" 258 x 107"
c4 0.57 239 %107 308x107'" 482x107"  209x 10"
c5 079 553x 107" 673 x10°™ 105%x 107" 476 x 10"
C6 072 41 x 107" 482x107"  757x 107" 381 %107
c7 0.71 374x 107" 472x107"  734x107"™ 329 x 10"
c8 0.76 465 % 107" 580 % 107" 901 %107 418x107"
c9 0.74 427 x 107" 530x 107" 824x10°" 385 x10 "
10 0.80 565x 107 711 x10°™ 110x 107" 515x 10 ™
C1 0.70 358 % 107" 455x10°"™ 700x 107" 316x 10"
12 0.69 345x 107" 444 %107 689x 107"  308x10"
13 0.65 301 x 107" 395%x 107" 597x107" 270x107"
C14 0.74 423107 523x107"™ 809x 107" 373x10°M
C15 067 316 x 107" 421 %107 638x 107" 290 x 107"
16 0.79 547 x 107" 668 x10°"™ 105x 107" 488 x 10"
17 0.77 490 x 107" 615 x 107" 939 x 107" 433 x 107"
18 0.68 332x 107 431 %107 655x10°" 296 x 10"
19 0.71 373x 107" 479 %107 736 x 107" 331 x107"
€20 075 457 % 107" 551 %107 856x 107" 391 x10° "
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Morphology of monoliths

Several experiments, including optical and SEM microscopy,
FT-IR spectroscopy and TGA, were conducted to evaluate the
morphology and surface property of the monoliths.

Some optical micrographs and SEM images of these mono-
lithic columns are shown in Figure 3. As shown in the figure,
the formed monoliths were well attached to the surface of the
capillaries. A cross section of intact and homogeneous column
beds is also shown. The microglobules that appear in the
figures have an approximate diameter in the range of 1-2 pm.

The primary observed frequencies on the FT-IR spectrum
(Figure 4A) can be attributed as follows: 748 cm™ !, aromatic
C—H bending; 1,147 cm™ !, ester C—O stretching; 1,257 cm™ !,
aromatic C—H bending; 1,388 cm™', CH3 symmetrical bending;
1457 cm™ !, aromatic C=C stretching; 1,730 cm™ ', ester
C =0 stretching; 2952cm™ ', CH; asymmetric stretching;
3,017 cm™ ', aromatic C—H stretching.

Typical TGA data shown in Figure 4B indicate that the
porous poly(benzylmethacrylate) monolith does not undergo
any significant thermal degradation below 230°C, showing a
relatively high degree of thermal stability.

Separation and efficiency of monolithic columns

In the HPLC procedures, the effect of the flow rate and com-
position of the mobile phase on the retention time of the
analyte (Zz, min), the width at half peak (wys, min), the reso-
lution between two neighboring peaks (R;) and the number
of theoretical plates (V) were studied in all cases. The sample
injection volume was 5 nL.

Separation of aromatic compounds

The prepared columns were successfully applied to achieve
the reproducible separation of three aromatic hydrocarbons
(benzene, naphthalene and anthracene) with good separation
efficiency using different experimental conditions. As an
example, Figure 5A shows the separation of the three compo-
nents on Column C6 at a 6 pL/min flow rate in 24 min and a
260 nm detection wavelength using a binary acetonitrile—water
(50:50, v/v) mobile phase. By varying the flow rate of the
mobile phase, the best performance was obtained for naphtha-
lene at 4 pL/min, which corresponded to a column efficiency
of 8,200 plates/m. By using the same chromatographic condi-
tions, the other prepared columns gave 5,520, 8,600 and
10,180 plates/m for C1, C3 and C4, respectively.

Adding tetrahydrofuran for the composition of the mobile
phase indicates that both peak shape and resolution of the
three aromatics were improved. A comparison of the two chro-
matograms in Figures 5A and 5B obviously shows a noticeable
influence when 10% of tetrahydrofuran was added to the
mobile phase. The separation was achieved in approximately
8 min less, whereas the plate number slightly increased by
approximately 100 units.

Fast separation of phenol compounds

Some of the prepared columns were also applied for the separ-
ation of three phenolic compounds (aminophenol, nitrophenol
and 2-naphthol). A chromatogram of the phenol separation is
shown in Figure 5C. This example shows that the three com-
pounds were completely separated in less than 5 min, with an
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Figure 3. Cross-section SEM images: Column C1 (A); Column C3 (B); Column C4 (C); Column C6 (D). Bulk region SEM images: Column C1 (E); Column C3 (F); Column C4 (G);
Column C6 (H). Column C6 photograph (I).
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Figure 4. Infrared spectra of the C6 monolithic stationary phase (A); thermal behavior of the C6 monalithic polymer (B); 5 mg of the sample was heated from 25 to 400°C with
a heating rate of 10°C/min.
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Figure 5. Chromatograms on Column C6: separation of aromatic hydrocarbons with a binary acetonitrile—water (50:50, v/v) mobile phase, where 1 is benzene, 2 is
naphthalene and 3 is anthracene (A); separation of aromatic hydrocarbons with a ternary acetonitrile—water—tetrahydrofuran (45:45:10, v/v) mobile phase, where 1 is benzene,
2 is naphthalene and 3 is anthracene (B); separation of phenols using acetonitrile—water (40:60, v/v) with 1% formic acid mobile phase, where 1 is aminophenol, 2 is
nitrophenol and 3 is 2-naphthol (C).
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Table 111

Repeatability and Reproducibility of Preparation of Monolithic Columns Expressed as RSD on ty, tg, H, R, 7 and K°

Repeatability (RSD, %)

Parameters values Parameter Run-to-run (n = 5) Day-to-day (n = 5)
ty (min) 3.50 0.31 1.94
Benzene

tg (min) 5.66 0.33 2.94
H (mm) 0.17 0.65 5.87
Naphthalene

tg (min) 10.07 0.22 3.27
H (mm) 0.12 0.44 6.54
R (Ben-Nap) 5.2 0.84 3.66
Anthracene

tp (min) 21.99 1.19 2.99
H (mm) 0.16 2.38 5.96
R (Nap-Ant) 5.8 2.03 2.38

Reproducibility (RSD, %)

Parameters Column-to-column (n = 3)
er 3.1
K° 6.4

Batch-to-batch (n = 3)
5.8
10.2

acceptable resolution (R, >1.5) at a flow rate of 10 pL/min
and detection wavelength of 254 nm using acetonitrile—water
(40:60, v/v) with 1% formic acid mobile phase. By using other
columns with lower porosities and permeabilities, such as C3
and C4, the same analytes were separated in more than 12 min
with higher resolutions.

The plate height, H, was calculated for each constituent at
different flow rates. For all aromatic hydrocarbons and phenolic
compounds, the height equivalent to a theoretical plate
remains within the range of 0.1-0.3 mm on range of the the
investigated flow rate, which was 4—10 wL/min.

Repeatability and reproducibility

Repeatability and reproducibility studies of the prepared
columns were also performed. Run-to-run and day-to-day re-
peatability were investigated in terms of f, H and R, whereas
column-to-column and batch-to-batch reproducibility were
evaluated by a comparison of €, and K° of the columns pre-
pared according to the same procedure as CO6. Using aceto-
nitrile—water (50:50, v/v) as the mobile phase at a flow rate of
6 pL/min, the repeatability levels based on run-to-run and
day-to-day injections were less than 2.4% (n=15) and 6.6%
(n=5), whereas the reproducibility values based on
column-to-column preparation from the same batch of poly-
merization solution and batch-to-batch preparation of mono-
liths were 6.4% (n=3) and 10.2% (n= 3) relative standard
deviation (RSD), respectively. The results are listed in Table III

Discussion

The composition of the polymerization mixture has a signifi-
cant effect on the chromatographic performance of the yielded
monolith and should be carefully optimized.

The polymerization procedure was optimized by varying
several factors and the morphology and hydrodynamic proper-
ties of all prepared columns were studied and compared.
The effect of polymerization time was also investigated and
set according to experimental results. A trend to lower perme-
abilities is observed when increasing polymerization duration

while rapidly approaching values close to those found at a com-
plete polymerization reaction. Fifteen hours has been set for
the next experiments; this polymerization time corresponds to
a maximum conversion of monomeric precursors.

To set the upper and lower limits of percentage composi-
tions, the composition percentages prepared in Table I were
set based on preliminary experiments, in which some of the
factors can only be varied over a restricted area. These experi-
ments show that when the total contents of the monomer and
crosslinker are below 20%, the porosity and permeability were
excessive, and hence, the monolithic capillary column showed
poor chromatographic performance. When the total contents
of the monomer and crosslinker were above 50%, the back-
pressure exceeded 5,000 psi due to the low porosity. When
the total contents of the monomer and crosslinker were more
than 60%, the polymeric mixture was inhomogeneous.

The influence of the content of AIBN initiator was also inves-
tigated; when higher than 20 mg/mL, the generated monolith
was found to have high porosity and permeability, whereas
AIBN contents lower than 2 mg/mL led to an incomplete poly-
merization. The porogenic mixture was a ternary solution com-
posed of 1-propanol, 1,4-butanediol and water; the range of its
composition was set as a compromise to provide a clear and
homogenous monolith matrix and to provide good column
resolutions for the separation of aromatic and phenolic mix-
tures. However, higher contents of 14-butanediol and water
provided an inhomogeneous polymerization mixture, whereas
lower contents produced high porosity and permeability, and
hence, poor resolution.

Varying the ratio of each component of the polymerization
mixture generates monolithic columns with different physical
properties and chromatographic behavior. All column prepara-
tions were controlled by varying six factors (percentage v/v):
concentration of monomer (BMA), concentration of crosslinker
(EDMA), concentration of each solvent in porogenic mixture
(1-propanol, 14-butanediol and water) and concentration of
AIBN initiator.

Polymer monolithic packing materials are sensitive to solvent
changes. Good polymer solvents such as tetrahydrofuran often
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lead to swelling, whereas other polymer non-solvents like
methanol or water may result in an irreversible shrinking of
the packing bed. The results confirm that tetrahydrofuran
causes swelling of the polymer rod, which induces a decrease
in the permeability of the columns. However, this observation
is not relevant for HPLC because tetrahydrofuran is not com-
monly used as the mobile phase, unlike acetonitrile, methanol
or water.

The permeability values confirm that some swelling of the
stationary phase occurs with acetonitrile, but to a much lesser
degree than with tetrahydrofuran, indicating that these two
solvents induce a restriction of the accessible pore volume
(40, 41).

Total porosity results confirm that, as expected and as
mentioned by previous works (26, 42), increasing the porogen
ratio in the polymerization mixture corresponding to the BMA
monomer and the EDMA crosslinker induced larger pores,
whereas the total porosity and permeability increased.
Furthermore, it is noticeable that the content of EDMA cross-
linker plays a more predominant role than the content of BMA
monomer regarding porosity, permeability, specific area and
column performance. This effect is clearly observed when
comparing Columns C5/C10, C6/C11, C7/C12 and C8/C9.

The composition of the porogenic mixture and content of
AIBN initiator also play an important role in characteristics of
the column. In contrast to the effect of 1-propanol, increasing
the percentage of 14-butanediol or water solvents induces
smaller pores, which means lower total porosity and permeabil-
ity; this influence is clearly observed when comparing Columns
C6, C14 and C15. On the other hand, a lower AIBN content
induces a decrease in the polymerization reaction ratio,
whereas if its content is higher than 5 mg/mL, the number of
active polymerization sites increases and the average polymer
chain length decreases, affecting the crosslinking ratio and the
performance of the column.

The external porosity, corresponding to the volume of the
through-pores in the monolithic column, was determined
directly from the elution volume of polystyrene standard
(140,000 molecular weight in this study) using tetrahydrofuran
as solvent. The internal porosity, corresponding to the meso-
pore volume of the monolithic column, was calculated as the
difference between the total porosity, €5 and the external por-
osity. The measured values agree with values found in literature
(31, 43, 44).

The morphology of the monolithic bed is one of the key
factors affecting the separation capability of the capillary
column. To obtain high efficiency and stability, homogeneity
and rigidity of the polymer bed are needed (45). Therefore,
it is important to investigate and control the parameters
governing morphology during the synthesis of the monoliths.
The morphology and surface property of the monoliths were
evaluated to characterize the stationary phases.

SEM pictures demonstrate that the procedure for synthesis
renders permeable monoliths with a uniform structure and
porosity, completely filling the capillary tubings and bonding to
the surface of the inner capillary walls through the TMSM
linker. Optical microscopy examinations (at a magnification
of 100 times) revealed that the continuous beds were homoge-
neous and also close to the wall, indicating that the synthesis
was properly made.
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For further characterization, the monoliths were examined
by FT-IR spectroscopy to identify the organic functional
groups of the polymeric phase. The FT-IR spectrum shows the
presence of the primary groups corresponding to the ester
functional group of the methacrylate, in addition to the alkyl
substituents. On the other hand, the absence of C =C and
=C-H stretching bands at 1,650 and 3,090 cm ! respectively,
confirms the completion of the polymerization reaction. These
results demonstrated that the proposed polymerization condi-
tions were suitable to produce a homogenous and continuous
monolith resulting from the reaction of EDMA and BMA.

TGA data showed a relatively high degree of thermal stability;
this excellent thermal stability allows these monolithic columns
to operate routinely at temperatures up to 200°C, and even up
to 220°C for short periods of time, without observing any
deterioration of their properties. When the temperature is
raised above 230°C, the curve rapidly dropped and stabilized
over 370°C, indicating a complete degradation of the monolith.
The thermal stability of the porous monolith is an important
characteristic when used either in CEC or gas chromatography,
because of the voltages and temperatures involved in these
techniques.

The column efficiency is the key factor for column evalu-
ation; several factors like morphology, specific surface area,
accessibility of the surface and chemical structure have to be
considered to determine the performance of the column. The
efficiencies of the columns used in this study were calculated
at room temperature and the Van Deemter curves were plotted
for selected columns.

The BMA monomer has benzyl groups, which are supposed
to provide m—mr interactions between the stationary phase and
aromatic analytes such as polycyclic aromatic hydrocarbons
and phenol compounds. Some of the prepared capillary
columns were successfully applied for the separation of a
mixture of aromatic hydrocarbons using different experimental
conditions. Next, the effect of adding tetrahydrofuran for the
composition of mobile phase on the separation of aromatic
hydrocarbons was examined. The results indicated that both
peak shape and resolution of the three aromatics were
improved by adding tetrahydrofuran to the mobile phase.

Column C6, which has relatively higher porosity and perme-
ability than the other prepared, columns was also used for the
fast separation of three phenolic compounds (aminophenol,
nitrophenol and 2-naphthol). The plate height, H, was calcu-
lated for each phenol constituent at different flow rates. For
the three phenolic compounds, the height equivalent to a the-
oretical plate remains almost constant on the investigated flow
rate range. This fact indicates that the column performance is
slightly affected by increasing the mobile phase velocity, which
has been previously established for capillary columns in both
liquid and gas chromatography (46-48) for faster analysis
without reduction of their separation ability.

To evaluate the qualitative and quantitative performances
of the prepared columns, the repeatability and reproducibility
of columns preparation were assessed through the RSD of
selected parameters for the three aromatics used as model ana-
lytes. The results prove that the prepared capillary monolithic
columns offer several advantages in terms of run-to-run
and day-to-day repeatability and column-to-column and batch-
to-batch reproducibility.



Conclusion

More than 30 monolithic capillary columns were reproducibly
prepared by single-step in situ free radical polymerization of
BMA in fused silica tubing using different compositions. The
procedure proved to be rapid, simple and efficient; it needed
only small quantities of solvents and reagents. The prepared
monoliths were characterized by optical microscopy, SEM,
FT-IR and TGA. Their porosity and permeability were also
determined and compared to the morphology parameters
obtained from the micrographs. The capillary columns were
successfully applied to achieve reproducible separation of dif-
ferent kinds of compounds, such as aromatic hydrocarbons and
phenols, with good separation efficiency. The chromatographic
performances were satisfactory and confirmed that capillary
columns offer several advantages over packed conventional
columns in liquid chromatography.
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