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INTRODUCTION

Capillary liquid chromatography has been one of the most

important recent developments in separation and analysis

technology. Capillary liquid chromatography offers several

advantages over conventional normal chromatography. The

advantages include increased chromatographic resolution,

higher efficiency, lower sample and solvent consumption, the

ability to analyze and isolate rare compounds of interest, greater

mass sensitivity and ease of on-line connection to a mass spec-

trometer1-3. Traditionally, capillary liquid chromatography uses

fused silica capillaries prepared with a variety of stationary

phases. This technique appears to be very promising for sepa-

rating a wide variety of analytes for different applications4-10.

However, the successful development of this technique is

closely related to the technical challenges associated with

manufacturing the column.

Monolithic columns have quickly become extremely

popular and they have attracted increasing interest as separation

media for all chromatographic methods. The unique structure

of the monoliths and their ease of preparation offer improved

chromatographic performance and favorable properties that
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result in high efficiency11-14. 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 chromato-

graphy16-20. In addition to the preparation conditions, such as

the reaction time and temperature, the chemical and physical

properties of the monolithic polymer depend on the type and

concentrations of the monomer, crosslinker, porogenic solvent

and initiator.

Several monoliths, including methacrylate polymers21-30,

have been widely prepared and studied in the literature. There

are several advantages associated with using methacrylate-

based polymers as monolithic stationary phases, such as high

stability in a wide range of mobile phase pH values (2-12),

fast and simple preparation and ease of functionalization.

Methacrylate monolithic columns also have various selecti-

vities towards monomers with wide ranging polarities31,32.

EXPERIMENTAL

Formic acid, toluene, aminophenol, chlorotoluene and

nitrotoluene of analytical grade were purchased from BDH
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(England). Cresol and chlorophenol were provided by Merck

(Schuchardt, Germany).

HPLC grade acetonitrile was purchased from BDH

(England). The purified water used throughout all experiments

was prepared using a Milli-Q system (Advantage with Elix,

Millipore S.A.S. 67120 Molsheim, France) then filtered

through a 0.2 µm nylon membrane filter (Whatman, England).

The mixed mobile phases were always filtered using a vacuum

glass filtration system through the same nylon membrane filters

and degassed ultrasonically for 30 min before use.

Fused silica tubing (0.32 mm i.d.) was purchased from

Restek (USA). The chemicals used for preparing the mono-

lithic materials in this work were purchased from Aldrich

(Steinheim, Germany) and they are as follows: 3-(trimeth-

oxysilyl)propyl methacrylate (TMSM), 98 %, ethylene glycol

dimethacrylate (EDMA) 98 % used as a crosslinker, 2-

ethylhexyl methacrylate 98% as monomer and 2,2′-azobis-

isobutyronitrile (AIBN) used as a thermal initiator. Toluene,

hydrochloric acid, sodium hydroxide, 1-propanol and 1,4-

butandiol were acquired from BDH (England). 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 first rinsed with a 1 M NaOH solution for

10 min and then placed in the same solution for 4 h. The

capillary was then rinsed with water and air-dried for 10 min

and each step was repeated twice. The tubing was then flushed

with 1 M HCl for 30 min and air-dried for 5 min. After this

step, the capillary was rinsed with toluene for 10 min then

flushed with a 20 % of 3-(trimethoxysilyl)propyl methacrylate

solution in toluene for 10 min and then placed in the same

solution for 4 h. Then, the capillary was rinsed with toluene

for 10 min and air-dried for 5 min. The activated capillary

was then cut into four pieces (200 mm length each) with a

razor blade. In this study, a series of monoliths with different

compositions of the polymerization mixtures were prepared

(% v/v) and described in Table-1.

TABLE-1 
COMPOSITION OF THE POLYMERIZATION MIXTURES 

USED TO PREPARE THE CAPILLARY 
MONOLITHIC COLUMNS, (v/v %) 

Column Monomer (%) EDMA (%) Porogen (%) AIBN (%) 

C1 14 14 71 1 

C2 12 12 75 1 

C3 12 15 72 1 

C4 15 12 72 1 

Ethylene glycol dimethacrylate (EDMA); 2,2´-Azobisisobutyronitrile 
(AIBN) 

 
Four 2-ethylhexyl methacrylate monolithic columns were

formed from the copolymerization with ethylene glycol

dimethacrylate as a crosslinker in the presence of AIBN as an

initiator and a mixture of binary porogenic solvents, including

1-propanol and 1,4-butanediol (65:35, v/v %). The monoliths

were prepared in 320 µm i.d. and 200 mm long capillaries.

The polymerization process was performed at 60 °C for 15 h.

The monomer and porogen mixtures were prepared (v/v %)

as described in Table-1.

The monomer mixture and the porogen solvents were

mixed into a homogenous solution and then sonicated and

purged with helium gas for 5 min. Each capillary column was

then filled with the corresponding reactant solution and both

ends were plugged with a piece of rubber. After the polymeri-

zation, the seals were removed. The resulting columns were

connected to a HPLC pump and thoroughly washed with aceto-

nitrile to remove the unreacted materials and the porogenic

solvents.

Porosity and bed permeability: The total column porosity

(εT) is an important parameter for evaluating the column.

Various methods are available to measure the εT, such as the

flow method43 the conductivity method44 and the gravimetric

method45. In this study, the flow method was used to evaluate

the εT. This method is based on determining the 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 as a long cylindrical tube), after correcting

for extra-column volume contributions, depending on the tubes

used for connection.

The permeability (K0) 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 relates the solvent viscosity,

pressure drop46 and εT to K0. Furthermore, the Hagen-Poiseuille

equation47 gives the pressure drop in a fluid flowing through a

long cylindrical pipe. This physical law has been used to calcu-

late the average diameter of monolith channels, R (macro-

pores). The average velocity of the mobile phase over the

channel section (ν) is obtained by integrating the momentum

transport equation that is derived from the Navier-Stokes

equation.

Characterization of monolithic columns: After the chro-

matographic experiments were finished, the monolith rods in

the tubes were washed, cut into small pieces and then dried.

The dried columns and the monolith materials were charac-

terized using scanning electron microscope and FT-IR spectro-

scopy. The pore properties and the microscopic morphology

of the polymers were characterized using a Jeol (JSM-6380LA)

analytical scanning electron microscope (Japan) at 5 kV.

The FT-IR spectra were recorded on a Thermo Nicolet

6700 FT-IR spectrophotometer (USA). The porous monolith

was removed from the vial and then crushed. The powder was

immersed in 1 mL of (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 monolith powder

was thoroughly mixed with KBr in an approximate ratio of

1:20 and pressed into a pellet. The FT-IR spectrum was then

recorded at a resolution of 4 cm-1 over the full mid-IR range

(4000-400 cm-1).

HPLC modification and conditions: All analyses were

performed with a Shimadzu HPLC system (Kyoto, Japan) that

included a pump (LC-6A), a Rheodyne 7125 manual injector,

a UV detector (SPD-6A) and a C-R6A integrator. The detector

was set to different wavelengths based on the analyzed com-

pounds. Acetonitrile/water solutions with or without acid addi-

tives at different ratios were used as a mobile phase. All solu-

tions were filtered through a 0.2 µm nylon membrane filter

(Whatman, England) before use. All experiments were

conducted at room temperature.
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The HPLC system was successfully modified to use micro-

columns. The detector was equipped with a 320 µm i.d. and

1.6 µL volume homemade cell that had a 2 cm path length. A

simple system was constructed for splitting both the mobile

phase flow and injection volume and was controlled using a

custom-built adjustable flow splitter based on a T-derivation

piece connected between the injector and the column. In this

configuration, both the column and split flows could be

adjusted by changing the inner diameter or length of the

splitting PEEK tubing (Varian, USA). In the present work, the

selected splitting ratio was 1:200 and the actual injection

volume was fixed at 5 nL.

RESULTS AND DISCUSSION

Preparation of monolithic columns: Four monolithic

columns with different monomer, crosslinker and porogen

percentage compositions were prepared and they are summa-

rized in Table-1. The columns were prepared according to the

procedure described, which includes four steps: (a) activation

of the fused silica capillary inner wall, (b) filling the tubing

with the monomer mixture, (c) polymerization of the functional

monomer and crosslinker at the surface of the column and (d)

connecting the column to the HPLC system and washing it

with acetonitrile.

Characterization of monolithic columns: The mono-

lithic bed properties and morphology are considered to be key

factors that affect the separation capabilities of the capillary

column. Monoliths are prepared using bulk polymerization

and their structure is defined by the monomer composition

and polymerization conditions without further processing33-35.

Therefore, it is important to investigate and control the para-

meters of the monoliths during the synthesis.

Columns porosity and permeability: The total porosities

of the examined monoliths C1, C2, C3 and C4 were 75, 80, 73

and 76 %, respectively (Table-2). These results were calculated

from the retention times of uracil injected through the four

columns. These results confirm that, as mentioned in previous

works, increasing the porogen ratio in the polymerization

mixture corresponds to a decrease of the monomer content and

induces a higher porosity of the monolith36-38. The porosity values

were calculated after extra volume (8.8 µL) corrections.

TABLE-2 
PORE CHARACTERISTICS OF THE MONOLITHIC 

COLUMNS; εT, K
0
 AND R USING ACETONITRILE 

AND WATER AS ELUENTS 

Column εT 
K

0
 using 

acetonitrile (m
2
) 

K
0
 using 

water (m
2
) 

R (µm) using 
acetonitrile 

R (µm) 
using water 

C1 0.75 4.15×10
-14

 7.97×10
-14

 0.58 0.80 

C2 0.80 5.81×10
-14

 1.10×10
-13

 0.68 0.94 

C3 0.73 3.41×10
-14

 6.41×10
-14

 0.52 0.72 

C4 0.76 4.45×10
-14

 8.32×10
-14

 0.60 0.82 

 
Furthermore, it is observed that the ethylene glycol

dimethacrylate (EDMA) crosslinker content plays a more

predominant role than the 2-ethylhexyl methacrylate monomer

content regarding the porosity, permeability and column

performance. This effect is clearly observed when comparing

the C3 and C4 columns.

To evaluate the mechanical stability and permeability of

the monolithic materials, acetonitrile and water eluents were

used to measure the pressure drop across the columns at diffe-

rent flow rates. Fig. 1 shows the effect of the flow rate through

each column on the backpressure using both eluents. An

excellent linear dependence of the four columns inlet pressure
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Fig. 1. Graph illustrating the pressure drop versus flow velocity in the C1, C2, C3 and C4 columns at room temperature
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on the flow rate is indicated by a regression factor better than

0.997 for all measured curves.

While acetonitrile and water were passed through the

columns at a volumetric flow rate of 5 µL min-1, the perme-

ability values and the average diameter of the monolith channels

were determined using pressure drops. The determined values

are presented in Table-2. The permeabilities with water are

higher than with acetonitrile in all cases. The calculated values

indicate that some swelling of the stationary phase occurs with

acetonitrile, which causes a restriction of the accessible pore

volume. The values confirm that increasing the porogen ratio

induced larger macropores while the total porosity and

permeability increased.

Monolithic column morphology: The prepared monoliths

were analyzed using SEM and FT-IR spectroscopy. Represen-

tative SEM images of the C1 and C2 columns are shown in

Fig. 2. The images demonstrate that the synthesis procedure

produces permeable monoliths that have a continuous bed,

homogeneous structure and porosity, close to the capillary

walls. As shown in the figures, the formed monoliths were

well attached to the inner surface of the capillaries. The cross-

section of the intact and homogeneous columns bed can also

be seen in Fig. 2a, b. The microglobules that appear in the

figures have an approximate diameter of 1-2 µm. Furthermore,

the macropore diameters estimated from the SEM images

(Fig. 2) are in good agreement with the calculated values given

in Table-2.

Fig. 2. (a, b) Cross-sectional and (c, d, e, f) bulk region SEM images of the

C1 and C2 columns (with different magnifications)

The monoliths were also examined using FT-IR spectro-

scopy to identify the organic functional groups of the polymeric

phase. Fig. 3 shows the presence of the main bands correspon-

ding to the ester functional group of the methacrylate (1733

and 1165 cm-1) and the methyl and methylene groups of the

alkyl substituents. Furthermore, the absence of stretching bands

at 1650 and 3090 cm-1, which correspond to C-C and -C-H

bonds, confirms the completion of the polymerization reaction.
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Fig. 3. Infrared spectrum of the monolithic stationary phase

Separation and efficiency of monolithic columns: The

efficiencies of the prepared columns were calculated at room

temperature and the van Deemter curve was plotted. The number

of theoretical plates was studied in all cases for each column.

The sample injection volume used with the splitting mode was

5 nL.

Separation of aromatic compounds: The prepared capi-

llary columns were tested for the separation of an aromatics

mixture (toluene, nitrotoluene and chlorotoluene) using a binary

acetonitrile/water (50:50, v/v %) at different flow rates. Fig. 4a

shows the separation of the three components on the C1 column

at flow rates of 30 and 60 µL/min in less than 8 and 4.5 min,

respectively. The detection wavelength was set at 260 nm.

The plate height (H) was then calculated for each consti-

tuent at different flow rates. The corresponding van Deemter

curves are shown in Fig. 5a-c. For the three aromatic comp-

ounds, the height equivalent to a theoretical plate remains

almost constant in the investigated flow rate range, which was

25-60 µL/min. This fact indicates that the column performance

is slightly affected by increasing the mobile phase velocity in

this range, as it has been previously established for capillary

columns in both liquid and gas chromatography39-42. Because

the plate number remains constant while increasing the flow

rate, the capillary columns allow faster analysis without reducing

their separation ability.

The fastest separation for the three compounds was

achieved in approximately 4 min using the C2 column at a

flow rate of 60 µL/min. The best performance was obtained

for toluene at a flow rate of 25 µL/min, which corresponded

to a column efficiency of 2930 plates/m.

Separation of phenolic compounds: The prepared capi-

llary columns were also used to separate a mixture of phenolic

compounds using different experimental conditions. Fig. 4b

shows the chromatograms obtained with aminophenol, cresol

8226  Al-Shammari et al. Asian J. Chem.
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Fig. 4. (A) Chromatograms of the separation of aromatic compounds at

different mobile phase flow rates, (left) at 30 and (right) at 60 µL/min

using the C1 column, where: (a) toluene, (b) nitrotoluene and (c)

chlorotoluene. (B): Chromatograms of the separation of aromatic

compounds at different mobile phase flow rates, (left) at 15 and (right)

at 30 µL/min using the C1 column, where (a) aminophenol, (b) cresol

and (c) chlorophenol

and chlorophenol injected on the C1 column using acetonitrile/

water (40:60, v/v %) with 1 % formic acid as the mobile phase.

The three phenols are completely separated in less than 12

min at a flow rate of 15 µL/min and in less than 6 min at a

flow rate of 30 µL/min. The detection wavelength was 254 nm.

By varying the mobile phase flow rate, the efficiency of

the columns was calculated for each compound. Fig. 5e-g show

the van Deemter curves for the three compounds. The best

performance was obtained for aminophenol at a flow rate of

20 µL/min, which corresponded to a column efficiency of 2415

plates/m. Again, the plate number fluctuates slightly when the

flow rate is increased in the studied range (8-40 µL/min), which

indicates that the separation ability of the column is not signifi-

cantly affected by using a higher mobile phase velocity.

All of these results indicate that capillary monolithic columns

could be an interesting and economic alternative to conven-

tional columns for the separation and determination of priority

pollutants, such as polycyclic aromatic hydrocarbons.

Conclusion

Four monolithic capillary columns were prepared using

a single step in situ free radical polymerization of 2-ethylhexyl

methacrylate in fused silica tubing with different compositions.

The procedure proved to be rapid, simple and efficient; it required

only small quantities of solvents and reagents. The prepared

monoliths were characterized by SEM and FT-IR. Their porosity
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aminophenol (e) cresol and (f) chlorophenol compounds
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and permeability were also determined and compared with the

morphology parameters obtained from the micrographs. The

capillary columns were also successfully applied to separate

different types of compound, such as aromatic hydrocarbons

and phenols, with sufficient separation efficiency.
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