
Introduction

High performance liquid chromatography (HPLC) is one of

the most important technologies in separation science in fields in-

cluding agricultural, pharmaceutical, and medical science [1]. In

particular, a significant degree of the performance of LC systems is

due to columns which can separate complex mixtures, and columns

are constantly being improved to obtain optimal separations of an

enormous variety of samples. The most popular columns for

HPLC are packed columns containing silica packings with octade-

cyl groups, called octadecylsilica (ODS) columns. The ODS col-

umn is appropriate for separations of a wide range of samples, and

can be used for the rapid separations under high pressure condi-

tions due to the good toughness of silica packings. Silica-gel parti-

cles with smaller sizes have also been developed to obtain the

higher column efficiencies, high-sensitivity, and high-throughput

analyses [2-4]. In order to use smaller particles, however, LC

pumps need to have high levels of performance to flow mobile

phases at higher pressures, due to increased column back pressures.

Furthermore, it may somewhat difficult for silica-gel particles to

separate samples under excessive basic conditions, due to decreases

in theoretical plate numbers and tailing of sample peaks possibly

induced by the hydrolysis of silica-surfaces in columns. Hence,

silica-based columns might not be appropriate for separations of

basic compounds in some cases. For a similar reason, structures

composed of silica are not appropriate when using mobile phases

consisting of only water alone.

In contrast to these columns, packed columns with fibrous sta-

tionary phases have been developed. These fibers are aligned par-

allel in the column. This arrangement of fiber bundles makes it

possible to flow mobile phases at low back pressures. Jinno and co
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-workers have described the use of capillaries in which bundles of

cellulose acetate fibers running the entire length of the column are

inserted in fused-silica capillaries [5-9]. In this approach, the fiber

surfaces served as stationary phases for reversed-phase microcol-

umn LC and capillary electrochromatography. These separations

demonstrated the feasibility of using fibers as chromatographic sta-

tionary phase in LC separations of such as alcohols and polycyclic

aromatic hydrocarbons (PAHs). Marcus and co-workers recently

described the use of capillary-channeled polymer (C-CP) fibers for

use as stationary phases for reversed-phase liquid chromatographic

separations [10-14]. These fibers possess approximately three times

the surface area of conventional fibers with circular cross-sections,

because the C-CP fibers are manufactured with eight parallel chan-

nels on the periphery of each fiber. As a part of these investiga-

tions, the C-CP fiber stationary phase for LC was described for

separations of a variety of organic compounds including PAHs,

amino acids, and proteins using both isocratic and gradient elution

methods.

On the other hand, the use of synthetic fine fibrous materials

as a sample preparation device for solid phase extraction (SPE) has

been demonstrated in our laboratory. Heat-resistant fibers used as

an extraction medium possess good chemical resistance and rigid-

ity, hence, the effective hyphenation of miniaturized sample prepa-

ration to microscale separation methods such as LC and capillary

electrophoresis (CE) was successfully achieved [15-19]. Also, the

successful application of an in-needle type sample preparation de-

vice using synthetic fibers as an extraction medium for gas chroma-

tography (GC) has been presented due to the good heat resistance

of the fibrous materials [20-23]. Owing to the high surface area of

these fibers, other applications for heat-resistant fibrous materials

were demonstrated through the development of a polymer-coated

fiber-packed capillary column for GC [24-26].

There is potential value in the through study of fibrous sta-

tionary phases not only for GC, but also for LC. This is because the

numbers of samples that can be separated using LC are large in

comparison with GC. Microcolumn LC enables the evaluation of

small amounts of experimentally synthesized bonded phases. Fur-

thermore, the trend towards miniaturization of separation systems

has been boosted by the promise of high performance, rapid analy-

ses with low running costs, and minimum environmental pollution

[27,28]. The poly(p-phenylene terephthalamide) (PPTA) fibers

used in this study consisted of aromatic amide fibers containing

amide groups. PPTA fibers show promise as a material for station-

ary phases for LC due to good chemical resistance, heat resistance,

and durability. However, sufficient retention small molecules can-

not be obtained on columns packed with parent PPTA fibers. In

this article, we attempted to derivatize the surfaces of PPTA fibers

in order to develop a fiber packed column. It has already been re-

ported that the addition of other functional groups onto the nitrogen

atoms contained in the amide groups can be carried out by chemi-

cal derivatization [29,30]. Additionally, it has been confirmed that

the separation characteristics of the fibrous stationary phase can be

tuned by changing the functional group on the surface of the PPTA

fiber [30].

The development of chromatographic packing materials modi-

fied by fluorine-containing functional groups has been investigated

earlier [31]. It was reported that these packings possess the ability

to separate fluorine-containing compounds. Recently, fluorine-

containing compounds have been gathering attention as medicines

possessing good bioactivity, and the synthesis of drug intermedi-

ates for these medicines is being studied in the field of organic

chemistry [32]. These facts indicate that it is important to develop

stationary phases with fluorine functional groups. Based on these

previous reports, the introduction of alkyl or perfluoroalkyl func-

tional groups onto the fibrous material, and retention properties

with respect to alkylbenzenes and halogenated benzenes as probes

were tested.

Experimental

Materials and methods

The fibrous material, Kevlar 29 (filament diameter: ca. 12.5

µm), was provided by Du Pont-Toray (Tokyo, Japan). The fibers

were washed with acetone and water repeatedly, and dried at 120

°C before use. Dimethylsulfoxide (DMSO) was purchased from

Kishida Chemical (Osaka, Japan), and was distilled over calcium

hydride in a vacuum prior to use. Sodium hydride (in oil, 60%),

bromobutane, nonafluorobutyl iodide, and all other chemicals were

obtained from either Tokyo Chemical Industries (Tokyo, Japan) or

Kanto Chemicals (Tokyo, Japan). For the preparation of mobile

phase and standard sample solutions, water was purified with a

Milli-Q water purification system (Millipore, Tokyo, Japan).

The chemically modified filaments were packed into stainless

steel tubes and employed as a stationary phase in LC. Each column

was prepared by longitudinally packing approximately 1,800 fila-

ments of reacted or untreated fibers into a stainless steel tube (0.8

mm i.d., 150 mm length). The packing procedure was the same as

that reported previously [33,34]. The packing densities of the pre-

pared fiber-packed columns were calculated, and the typical value

was approximately 43.9% in this work. The LC system consisted

of a micro 21PU-01 pump, a DG-2080-45 degasser, an MX-2080-

32 mixer, a UV-2075 UV/Vis detector (Jasco, Tokyo, Japan), an

Agilent 6890 gas chromatograph column oven (Yokogawa Analyti-

cal Systems, Tokyo, Japan), and a Model 7520 injector (Rheodyne,

Cotati, CA, USA) with a 0.2 µL injection loop.

LC measurements were performed using an acetonitrile

(ACN)/water mobile phase at a flow-rate of 100 µL min-1 at 35°C.
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Mobile phase was flowed through the column for at least 20 min

prior to the measurements to ensure stable baselines. The detection

of samples was carried out at a wavelength of 210 nm except for

specific conditions. Uracil was used for estimation of the column

void time. All LC measurements were performed at least three

times, and the relative standard deviations (RSDs) for the retention

times were less than 3.0%. Data collection was performed using

Borwin Chromatography Data Handling Software (Jasco, Tokyo,

Japan) running on a personal computer.

In order to study the correlation between modified-fiber

packed columns, five alkylbenzenes: toluene, ethylbenzene, pro-

pylbenzene, butylbenzene and pentylbenzene; and five fluorinated

benzenes : fluorobenzene , 1,2-difluorobenzene , 1,2,3-

trifluorobenzene, 1,2,3,4-tetrafluorobenzene and pentafluoroben-

zene were used as sample probes.

Surface derivatization of PPTA fibers

Surface derivatization was conducted using a similar scheme

as reported previously [29]. The reaction scheme is illustrated in

Figure 1. Under a nitrogen atmosphere, sodium hydride was re-

acted with an excess amount of DMSO and stirred at 30°C for 20

min. Then, the solution was heated to 70°C and the reaction be-

tween sodium hydride and DMSO was allowed to proceed for 1 h.

Upon immersing the bundle of PPTA filaments (approximately 150

filaments, 2.0 m length) into the solution, the metalation reaction

was initiated at 30°C and allowed to continue for 10 min. The

metalation reaction was confirmed by the change in the color of the

fibers from red to gold [29,30,35]. Next, the fiber bundle was re-

acted with a halogenated compound, R-X, as can be seen in Figure

1, at the same temperature for 4 h. During this step, it was con-

firmed that the color of the fiber surface turned back to the original

golden yellow, indicating both deactivation of the amide anion and

the end of the substitution reaction. Finally, the filaments were re-

moved from the reaction bath, were cleaned with acetone and water

repeatedly, and then dried at 120°C for 2 h. With the above deri-

vatization process, two types of surface-derivatized fibrous materi-

als, C4 and C4-F in Figure 1, were synthesized, and employed as

the stationary phase in microcolumn LC. Successful chemical

modification of the filaments was confirmed by increases in the re-

tention factors of several standard solutes.

Results and Discussion

Retention behavior of alkyl -derivatized fibrous materials as LC

stationary phases

To confirm differences between stationary phases, it is com-

mon practice to investigate the retention factors or selectivities for

various compounds. Also, the values of retention factors are de-

pendent on the densities of functional groups on the support sur-

faces of stationary phases. Hence, before evaluations of retention

properties, the densities of functional groups per unit area of pack-

ing material are generally evaluated. Amounts of functional groups

on the surfaces of chromatography packing materials can be easily

calculated from amounts of carbon dioxide generated by pyrolysis

in an elemental analyzer if the packings are silica-based materials.

However, the fibers used in this study consist mainly of carbon.

Trace amounts of functional groups on the surfaces of fibers make

measurements of the densities of functional groups difficult. On the

other hand, inverse chromatography can be used as a method to

measure the surface properties of stationary phases and other mate-

rials [36]. This technique can be used to evaluate the surface char-

acteristics of a sample from the intensity of the interaction between

a probe and a sample in a column. On the basis of this principle,

the chromatographic properties of the modified fibrous stationary

phase were first assessed.

In order to evaluate the performance of the alkyl-

functionalized fibers as an LC stationary phase, the retention be-

havior was determined using a variety of compounds as sample

probes. The effects on the retention behaviors of probes according

to mobile phase composition were also tested (Figure 2). This fig-

ure illustrates that the retention factors for alkylbenzenes as probes

Figure 1 Reaction scheme for poly(p-phenylene terephthalamide) (PPTA) fibers.
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increased together with decreases in the ratio of ACN in the mobile

phase. It was also confirmed that hexylbenzene as a solute pos-

sessed good linear behavior at mobile phase compositions on each

stationary phase. From the retention behavior with respect to mo-

bile phase composition, it was shown that the surface-derivatized

fiber packed column works as a reversed-phase-type stationary

phase. However, the results showed that the linear correlation had a

different slope for the equation for retention behavior on each fiber

packed column. This fact is consistent with the theoretical relation-

ship between the retention factor and the mobile phase composition

described by Snyder and coworkers [37]. Also, the slope for a butyl

-modified fiber packed column (C4) is higher than that for a

perfluorobutyl-modified fiber packed column (C4-F). In their arti-

cle, Snyder and coworkers argue that the value of the slope is de-

termined by factors such as the type of solute and stationary phase,

etc. If the ratio of ACN in the mobile phase decreases, the greater

the degree of hydrophobicity of the stationary phase becomes, and

the more strongly hydrophobic probes are adsorbed on the station-

ary phase. Taking into account the slopes in this figure, it should be

noted that the interaction between the C4-F column and hexylben-

zene is weaker in comparison with the interaction between the C4

column and hexylbenzene. It is generally known that fluorine con-

taining materials possess low surface energies [38]. In other words,

this fact suggests that perfluoroalkyl chains possessing low surface

energies were introduced onto the surfaces of fibers. However,

more quantitatively detailed analyses of the amounts of derivatized

functional groups on the surfaces of the stationary phase are re-

quired.

Back pressure of the fiber packed column

It was previously been reported that one of the merits of fiber

packed columns is low back pressures on LC systems [14]. How-

ever, this characteristic may be lost as a result of surface derivatiza-

tion, because of the relatively rough surface of the derivatized fi-

bers as found previously [29,30]. Therefore, back pressure meas-

urements were performed on conventional particle packed and fiber

packed columns. Back pressure values were investigated over the

flow-rate range 10 to 200 µL/min. The results show that the back

pressures for fiber packed columns are significantly lower than

those for a commercially available ODS column of 1.0 mm i.d.,

150 mm length, packed with typical 5 µm particle. With a metha-

nol/water=(50/50) mobile phase at a flow-rate of 200 µL/min, the

back pressure for typical ODS column was about 14.8 MPa,

whereas that for the fiber packed column was 0.5 MPa, which was

a very low value. Also, similar back pressures were measured on

the modified fiber packed columns. Low back pressures on the fi-

ber packed columns make it possible to achieve high flow-rates if

the column diameter is similar. This phenomenon was also con-

firmed on the derivatized-fiber packed columns. From these results

it can be seen that the pressure characteristics of fiber packed col-

umns are not lost as a result of the surface derivatization of PPTA

fibers. The good permeability of these columns suggests that

chemically modified fibers can be used as a sample preparation de-

vice designed to extract target compounds.

Derivatization of perfluoroalkyl groups on the surfaces of PPTA fi-

bers

In past references, it is reported that halogenated benzenes as

samples for obtaining retention data were used in order to confirm

the surface properties of fluorinated particles used as packing mate-

rials [31,39]. Therefore, the fibrous stationary phase was evaluated

using the same method. Table 1 illustrates the selectivity of halo-

genated benzenes with respect to benzene on each modified-fiber

packed column. In Table 1, it is shown that the selectivities for

halogenated benzenes on the C4-F column are higher than those on

the C4 column. These results indicate that the retention behavior

based on the type of halogen or the number of halogen atoms in the

sample compound was induced by the perfluorobutyl-modified fi-

ber packed column. This fact is attributed to the difference in the

functional groups on the surface of the fibrous stationary phase.

Additionally, the retention behavior of fluorinated benzene re-

gioisomers was tested using the same method (Table 2). Di-, tri-

and tetrafluorobenzenes were used as sample probes. On the butyl-

modified fiber packed column, the retention times for each pair of

regioisomers were the same. However, selectivity with respect to

Figure 2 Retention data for modified fiber-packed columns in
various mobile phase compositions. Chromatographic
conditions: analyte, hexylbenzene; mobile phase, ACN/
water; column temperature, 35°C; detection, UV at 210
nm.
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these compounds was confirmed on the perfluorobutyl-modified

column. Interactions between fluorinated stationary phases and

fluorine-containing compounds occur as a result of the general

principle “like dissolves like” as reported earlier for the retention

behavior of fluorinated analytes on fluorinated stationary phases

[31]. With regard to difluorobenzenes, the fluorine atoms on 1,2-

difluorobenzene are more closely arranged in comparison with 1,4-

difluorobenzene. Based on the positions of the fluorine atoms, it is

thought that the retention of 1,2-difluorobenzene is stronger than

that of 1,4-difluorobenzene due to the ability of the fluorine atoms

of the former to more easily approach the fluorine atoms on the al-

kyl chain. This tendency in selectivity is similar to fluorinated

packing materials which have been reported previously. Therefore,

this fact suggests that perfluoroalkyl functional groups were suc-

cessfully introduced onto the surfaces of the PPTA fibers [31].

Correlation between alkyl - and perfluoroalkyl -modified fibers

Differences in the surface properties of stationary phases re-

sult in changes in retention behavior with respect to compounds

[40]. Therefore, calculations of the correlation coefficients between

columns are carried out in order to evaluate differences in the sur-

face properties of two surface-derivatized fibrous packing materi-

als, as shown in Table 3. The sample probes were classified into

two groups containing five alkylbenzenes: toluene, ethylbenzene,

propylbenzene, butylbenzene and pentylbenzene; and five

fluorinated benzenes: fluorobenzene, 1,2-difluorobenzene, 1,2,3-

trifluorobenzene, 1,2,3,4-tetrafluorobenzene and pentafluoroben-

zene. The results indicated a high correlation factor between the re-

tention data for alkylbenzenes on these two modified fibrous

phases was observed. However, the values for fluorobenzenes’ re-

tention data were relatively low in comparison with that for the

data for alkylbenzenes. In other words, it was confirmed that the

specific characteristics with respect to halogenated compounds on

the C4-F column were different to those on the C4 column,

whereas the hydrophobic properties on the C4-F column are similar

to those on the C4 column. These results demonstrated that the sur-

face properties of the fibrous stationary phase can be tuned by sur-

face derivatization on the parent PPTA fibers. However, a detailed

investigation of the modified fiber packed column is needed in or-

der to improve the column efficiency of the fibrous stationary

Table 1 Selectivity between benzene and halogen-
ated benzenes on butyl- (C4) and
perfluorobutyl-modified ( C4-F ) fiber-
packed columns.

Solute pair
Selectivity

C4 C4-F

1.11 1.13

1.34 1.92

1.73 2.28

2.15 3.01

1.11 1.19

1.11 1.28

1.23 1.45

1.23 1.59

1.49 2.22

2.29 3.86

4.82 8.15

10.06 16.96

Conditions: column temperature, 35°C; detection, UV
at 210 nm; mobile phase, ACN/water=(40/60).

Table 2 Selectivity for several regioisomers of
fluorinated benzenes on surface-modified
fiber-packed columns.

Solute pair
Selectivity

C4 C4-F

1.00 1.07

1.00 1.06

1.00 1.12

Conditions: column temperature, 35°C; detection, UV
at 210 nm; mobile phase, ACN/water=(40/60). Other
conditions are the same as in Table 1.

Table 3 Correlation coefficient between retention data
obtained with C4 and C4-F fibrous stationary
phases.

Analyte Correlation coefficient

Alkylbenzenes 0.999
Fluorinated benzenes 0.779

Column temperature: 35°C; mobile phase: ACN/water=(30/
70). Other conditions are in the text.
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phase.

Conclusions

In this study, derivatization onto the surfaces of the PPTA fi-

bers designed for LC applications was successfully carried out.

From the retention behavior of alkylbenzenes in ACN/water as mo-

bile phase, it was confirmed that the modified fibrous stationary

phases worked as reversed-phase types. Furthermore, from the

method of evaluation employing various sample probes to deter-

mine the surface characteristics of the stationary phases, it was con-

firmed that chemical modification of the PPTA fibers is available

to introduce various functional groups to the surfaces of the parent

PPTA fibers, and that the surface properties of the fibrous materials

can be tuned through the introduction of functional groups on the

surfaces of the PPTA fibers. These results are important for the fu-

ture development of the fiber packed column. Furthermore, derivat-

ized fibers are expected to play roles as extraction media for spe-

cific compounds. However, in order to obtain sufficient column ef-

ficiencies, further research is required with respect to appropriate

conditions for separations of compounds, as well as the types and

lengths of functional groups introduced on the PPTA fibers. Addi-

tionally, to obtain sufficient theoretical plate numbers, it is neces-

sary to conduct research into packing methods that can achieve

high fiber densities. All of these investigations, including more se-

lective separations for specific samples, are currently underway in

our laboratory.
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