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Abstract
In this study, porous polymer monoliths were in situ synthesized in fluoropolymers tubing
to prepare microbore HPLC columns. To ensure the formation of robust homogeneous
polymer monoliths in these housing supports, the inner surface of fluoropolymer tubing
was modified in a two-step photografting process. Raman spectroscopy and scanning
electron microscopy (SEM) confirmed the successful modification of the inner ethylenetetrafluoroethylene (ETFE) wall and the subsequent attachment of a monolith onto the
wall. Poly(glycidyl methacrylate-co-divinylbenzene), poly(butyl methacrylate-coethyleneglycol dimethacrylate) and poly(styrene-co-divinylbenzene) monoliths were in
situ synthesized by thermal polymerization within the confines of surface vinylized ETFE
tubes. The resulting monoliths exhibited good permeability and mechanical stability
(pressure resistance up to 9 MPa). The chromatographic performance of these different
monolithic columns was evaluated via the separation of alkyl benzenes and proteins in a
conventional HPLC system.

Keywords: Photografting; fluoropolymer; ethylene-tetrafluoroethylene; monolithic
column; reversed-phase liquid chromatography

1. Introduction
Porous polymer-based monoliths have attracted substantial interest in the last
years and have been satisfactorily applied as chromatographic supports in the field of bioseparation [1-2]. It is worth noting that most of these works reported until now have used
fused-silica capillaries (75-200 µm) as common supports for the preparation of these
monolithic columns due to the simplicity of the covalent bonding of the monolith onto
the modified inner wall via previous vinylization of the silica surface. However,
capillaries are hardly adaptable to conventional HPLC systems, since they require
working at very low flow rates, small injection volumes, minimal extra-column and
detector cell volumes, which increased the cost of the analytical instrumentation
(capillary/nano-LC).
In the last years, few efforts have been made to fabricate microbore monolithic
columns (0.5-1.0 mm i.d.) using different housing materials such as glass [3], silicosteel
[4], titanium [5], polyether ether ketone (PEEK) [6-7], or polypropylene (PP) tubing [8].
Although these approaches have obtained varying degrees of success, the columns may
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suffer from the shrinkage of the monolith due to the upscaling process. For instance, the
monolith shrinkage during polymerization, albeit negligible in capillaries, it is strong
enough to breakdown the monolith-tube anchorage when larger diameter tubes are
employed. In this sense, certain strategies have been proposed, such as the use of an
external mold together with a proper selection of monomers providing a highly flexible
polymer [9], a titanium scaffold [10], solvents that keep the stationary phase in the
swollen-state [11], and polymerization under high pressures [12].
Fluoropolymers represent a rather specialized group of polymeric materials with
large number of new types being continuously developed. Some are derivatives of the
original polytetrafluoroethylene (PTFE), such as fluorinated ethylene propylene,
perfluoroalkoxy and ethylene-tetrafluoroethylene (ETFE) [13]. These materials are
known to have excellent chemical resistance, good mechanical properties, high thermal
stability, low dielectric constant and transparency to UV radiation [13]. These compounds
have been used in numerous industrial applications, such as in aerospace, automotive,
petrochemicals, medical, microelectronics and electrical industries. Also, they have been
used as suitable materials in analytical field including sample preparation and optical
devices, automation methods, trace metal analysis, etc. Their favorable properties,
together with the fact that they can be easily and cheaply purchased in different formats
and sizes, make fluoropolymers a good choice as housing material in the preparation of
monolithic polymer columns, either with preparative or analytical purposes. However,
the hydrophobicity and low reactivity of fluoropolymers have hindered the onset of
stationary phases covalently attach to fluoropolymer surfaces until very recently.
Surface modification of fluoropolymers has been reported by means of several
wet chemical treatments [9,14-16], as well as by some physical procedures such as plasma
[17], ion beam [18], γ-radiation [19], extreme UV light [20] or vacuum UV light [21].
However, the physical treatments cannot be easily used to modify the inner surface of
narrow tubes, since they are not routinely available in most laboratories, and moreover
they can produce the degradation of the fluoropolymers [16]. Among the chemical
treatments, the use of etchant reagents such as sodium naphthalene solution (Fluoroetch)
[22-23], peroxide/sulfuric acid [24] or permanganate/nitric acid mixtures [25] have been
proposed to introduce polar groups such as hydroxyls or carboxylates onto fluoropolymer
surfaces.
Recently, we have described the preparation of methacrylate-based monoliths in
PTFE tubing using a surface modification method similar to those described in ref. [9,
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24-23]; however environmental and safety concerns as well as the difficulties in
controlling the depth profiles of the treatments make these methods unsuitable from a
green and sustainable perspective.
An alternative strategy for polymer surface modification and functionalization
involves the use of UV photografting technology, which represents simple and clean
technique [26]. In addition, this technology is characterized by low electrical power input
and energy requirements, low temperature operation and no volatile compounds release.
It has been used to modify the surface of different polymers (polyolefins, polyesters,
polyamides and polyethers) [27-28] and, particularly, polypropylene (PP) in several
formats, such as pipette tip [29-30] or tubes [8,31] for anchoring polymer monoliths. This
process is based on the capacity of UV light to abstract hydrogen atoms. Firstly, radicals
are formed onto the polymeric surface through a photo-reduction reaction between a
photoinitiator (commonly benzophenone) and the C-H bonds. Then, the new generated
radical initiates the polymerization of the monomers (added together with the photoinitiator or in a following step), resulting in graft polymer chains chemically bonded onto
the substrates [27]. Due to the higher difficulty that defluorination entails, BP in
combination with strong reducing agents (e.g. sodium hydride) has been described for
surface modification of PTFE or other fluoropolymers [23]. Also, other photosensitizers
such as xanthone have been described for the surface modification of PTFE or ETFE
materials [16].
The goal of this study was to develop a monolithic column for its use in microbore
HPLC using a photografted fluoropolymer tubing as housing material. For this purpose,
several fluoropolymer tubes (0.75-0.8 mm i.d.) were treated with a two-step UV
photografting process to make possible the anchorage of monolith to fluoropolymer wall.
Using ETFE as probe material, the grafting conditions were optimized in order to provide
a robust covalent anchorage of the monolith to the fluoropolymer surface. To our
knowledge, this modification technique has not been explored yet in fluoropolymer
materials to host polymer monoliths as stationary phases. Three different polymers based
on glycidyl methacrylate, butyl methacrylate and styrene monomers, were prepared in
ETFE tubing using the optimized photografting treatment, and they were applied to the
separation of alkylbenzenes and proteins in a conventional HPLC system. As far as we
know, this is the first time that photografted ETFE tubes were used as housing material
for polymer monoliths and its use in reversed-phase LC separation.
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2. Materials and methods

2.1. Chemicals and reagents
Glycidyl methacrylate (GMA), butyl methacrylate (BMA), ethyleneglycol
dimethacrylate (EDMA), tetrahydrofuran (THF), 1,4-butanediol, 1-propanol and
trifluoroacetic acid (TFA) were from Sigma-Aldrich (Steinheim, Germany). Styrene
(STY), dininylbenzene (DVB) (technical grade, 80% mixture of isomers, 20% mainly
ethylstyrene), 1-decanol, 1-dodecanol, benzophenone (BP) and lauroyl peroxide (LPO)
were supplied by Alfa Aesar (Karlsruhe, Germany). Azobisisobutyronitrile (AIBN) was
from Fluka (Buchs, Switzerland). HPLC-grade acetonitrile (ACN) and methanol (MeOH)
were from Merck (Darmstadt, Germany). Uracil, alkyl benzenes from Riedel de Haën
(Seelze, Germany) and proteins such as ribonuclease A (bovine heart), cytochrome C
(bovine pancreas) from Alfa Aesar, and myoglobin (horse skeletal muscle) from Sigma
were used as probes. Acetone was supplied by Panreac (Barcelona, Spain). Ultra-pure
water was obtained with a Puranity TU6 water purification system from VWR (Bedford,
MA, USA) provided with a 0.2 µm filter. Unless otherwise stated, any other chemicals
used were of analytical grade. PTFE tubing of 1/16’’ (1.6 mm) o.d. × 0.8 mm i.d. from
Omnifit (Fisher Scientific, Loughborough, UK), fluorinated ethylene propylene (FEP),
perfluoroalkoxy (PFA) and ETFE tubing of 1/16’’ (1.6 mm) o.d. × 0.75 mm i.d. from
Vici Jour (Schenkon, Switzerland) were also used. ETFE tubing of 1/8´´ (3.2 mm) o.d. ×
1.57 mm i.d. from IDEX Health & Science LLC (Washington, USA). The chemical
structures of the fluoropolymers investigated are given in Fig. 1.

Fig. 1. Structures of fluoropolymers investigated in this study.
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Stock solutions of alkyl benzenes were prepared in ACN at 1.0 mg mL-1 each and
kept at 4ºC until their use. Working standard solutions were freshly prepared by dilution
to the desired concentration with the mobile phase. Proteins were dissolved in water at
concentration of 1.0 mg mL-1 each and kept at -18ºC.

2.2. Instrumentation
An UV crosslinker (model CL1000) from UVP (Upland, CA, USA) equipped with
UV lamps (5 x 8W, 254 nm) was used for photografting of fluoropolymer tubings. A
syringe pump (Model 100, KD Scientific, New Hope, PA, USA) was employed to
introduce the reagents into the supports. SEM photographs of fluoropolymer surfaces and
monolithic materials were performed with a scanning electron microscope (S-4800,
Hitachi, Ibaraki, Japan) provided with a field emission gun, and an EMIP 3.0 image data
acquisition system. Previous to the SEM measurements, the polymeric sorbents were
sputter-coated with Au/Pd for 2 min to avoid charging problems. Raman spectra of
fluoropolymer surfaces were recorded with an XploRA One Raman microscope (Horiba
Scientific, Villeneuve d’Ascq, France) from 150 to 3500 cm-1 using 532 nm as excitation
wavelength with a laser power of 90 μW.
Chromatographic analysis was carried out in an HPLC equipment from Jasco
Analytica (Madrid, Spain), composed of a PU-2089 quaternary gradient pump, an AS2055 autosampler with a 100 µL injection loop and MD-2018 photodiode array detector.
The system was controlled using the LC-NETII/AFC interface also supplied by Jasco.
Acquisition and data treatment was performed using the ChromNAV software (version
1.17.01).

2.3. Photografting of inner wall surface of ETFE tubing
To modify the inner wall surface of fluoropolymer tubing, a two-step procedure
was adapted from literature [28,31-32]. Each tube (15-17 cm long) was firstly washed
with ethanol and acetone, and dried with nitrogen. Then, the ETFE tube was filled with a
deoxygenated solution of 5 wt% of BP in methanol, sealed its ends with caps and
irradiated in a UV chamber for 20 min at 0.9 J cm-2. The distance between the lamps and
tube was set at 2.5 cm. Next, the BP-modified tube (see Fig. 2, step 1) was washed with
methanol and subsequently, dried with nitrogen. Afterwards, the BP-modified tube was
flushed with a deoxygenated solution of 15 wt% of EDMA in methanol and irradiated
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with UV light under the same conditions as above. After UV grafting (see Fig. 2, step2),
the washing and drying steps were again carried out.

Fig. 2. Two-step photografting scheme for chemical modification of ETFE tubing.

2.4. Preparation of polymer monoliths
The EDMA-modified ETFE tubing was filled with polymerization mixture. Three
reaction mixtures with different composition (see Table 1 and refs. [6, 9, 32]) were
prepared. Each vial with polymerization mixture was sonicated for 3 min to obtain a clear
solution, followed by purging with nitrogen for 10 more min. In order to avoid the
shrinking and the breaking of the monolith-tube anchorage, the whole tube was
submerged into an external polypropylene mold, which has been previously reported [9].
The mold with the tube inside was then vertically placed in an oven for polymerization.
The system was heated at the suitable temperature and time (see Table 1). After
polymerization, the column was removed from the oven and allowed to cool to room
temperature. A 10 cm long column was cut from the tubing, and then the column was
fitted with end fittings, connected to an HPLC pump and flushed for 40 min with
methanol to remove the pore-forming solvents and possible unreacted monomers.
Table 1 Composition of polymerization mixtures (wt.%), experimental conditions tested for the
polymerization and permeability of the resulting columns
Polymer
STY-co-DVBb

Functional
monomer
24% STY

16% DVB

BMA-co-EDMAb

24% BMA

16% EDMA

GMA-co-DVBc

10% GMA

23.3% DVB

𝐿𝐿η𝜇𝜇

Crosslinker

Porogenic solvents
42% 1-dodecanol
18% toluene
26% 1,4-butanediol
29% 1-propanol
5% water
60.7% 1-decanol
6% THF

Temperature/ti
me
70ºC/ 180 min

Permeability
(K0)a/10-14 m2
11.3

Referen
ce
[6]

60ºC/ 90 min

3.2

[32]

70ºC/ 240 min

24.9

[9]

Evaluated as 𝐾𝐾0 = ∆𝑃𝑃 𝑠𝑠, where L is the length of the column, η is the viscosity of the mobile
phase (40:60, v/v ACN:H2O), µS is the linear flow velocity, and ∆P is the backpressure of the
column.
b
AIBN as initiator (1wt% with respect to the monomers)
c
LPO as initiator (3wt% with respect to the monomers)
a
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3. Results and discussion

3.1. Modification of fluoropolymer inner wall surface and characterization
As we already mentioned in Introduction, (photo)graft hydrophilic monomers
directly onto chemically stable fluoropolymers is a challenge. Indeed, the PTFE polymer
or other derivatives such as FEP or PFA are materials in whose no hydrogen abstraction
can apparently be induced from its structure (see Fig. 1); however, several studies have
reported the surface defluorination of PTFE films under UV irradiation [14-15]. For
instance, Noh et al. [15] have described the use of BP as photoinitiator in combination
with sodium hydride in dry dimethylformamide to achieve defluorination, oxygen
incorporation and surface insaturation in PTFE surfaces. The surface modification occurs
by photoexcitation of either the diphenyl ketyl radical anion intermediate or its final
reaction product benzhydrol anion [15]. These photografting studies used higher grafting
temperatures (>40ºC) and, more importantly, high power UV lamps (>100 W), which can
lead to a degradation of fluoropolymers. In this sense, the use of ETFE, a partial
fluorinated polymer, as substrate could alleviate these grafting conditions due to the
presence of abstractable H-atoms in its backbone. Thus, this fluoropolymer was selected
as probe material to conduct photografting studies using relatively mild and sustainable
conditions, absence of reducing agents, use of low-power UV lamps and room
temperature.
To modify this material, a sequential two-step UV photografting process for
surface modification of PP materials [8,27,29] was adopted. Figure 2 shows the
preparation scheme of the ETFE tubing. In the first step, BP abstracts hydrogen from the
polymer surface to generate a surface free radical and semipinacol radicals, which
combine to form surface photoinitiators. In the second step, a solution of EDMA
(monomer) was photografted to generate vinyl functionalities to assure the posterior
binding of monolith to the ETFE inner wall. The contents of BP and EDMA used for the
first and second step, respectively, were taken from literature [8, 29] (see Section 2.3),
whereas other factors (distance of application of the source of UV light and irradiation
time) that influence on the (photo)grafting yield of polymer surfaces were examined.
Thus, UV intensity was modified by varying the distance from the UV lamp to the sample
by keeping constant the lamp power and time (0.9 J cm-2 for 15 min) in both grafting
steps.
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When the irradiation distance was fixed at 13 cm, any change in the physical
appearance of the transparent ETFE tubing was evidenced. However, for the irradiation
distance of 2.5 cm, a visible white layer was observed on the inner surface of ETFE. SEM
micrographs of these tubes corroborated the presence of this layer onto the inner surface
(data not shown). This white layer corresponds to a grafted clusters of EDMA, which
were anchored to the inner surface of the ETFE tubing [8]. The behavior observed over
irradiation distance could be explained by the higher UV power intensity when shorter
distance is applied, which tends to promote the grafting process (BP and EDMA), and
consequently its bonding to the ETFE wall. Based on these results, the photografting
process was conducted at 2.5 cm distance for further studies.
Then, the optimization range of irradiation time (in both photografting steps, up
to 25 min) was considered. To monitor the influence of this variable on the surface
modification, Raman measurements were done. For this purpose, for each step, after the
surface treatment and subsequent washing/drying at room temperature with nitrogen, the
ETFE tubing was properly cut into 2 cm long pieces and longitudinally cut open, and its
inner surface (directly exposed to the BP/EDMA solutions) was examined using Raman
spectroscopy.
Thus, Raman spectra of pristine ETFE material exhibited three intense bands
located at 836, 1442 and 2968 cm-1, which were attributed to CF2, CH2 scissoring and
CH2 stretching vibrations, respectively [33-34] (see Fig. S1). Figure 3 shows comparative
plots of the Raman spectra for several ETFE surfaces subjected to different irradiation
times to BP and EDMA photografting. As shown in Fig. 3A, after the treatment with BP,
a new band at 1590 cm-1, attributed to aromatic C=C stretch vibration (corresponding to
the immobilized BP radical) was observed. This band increased in intensity as irradiation
time increased; however, no significant differences were observed at exposure times
above 20 min. Therefore, this time was selected for further experiments. Fig. 3B shows
the Raman spectra collected for BP-modified ETFE after grafting EDMA at several
irradiation times. As it can be seen, treated samples show the presence of peaks at 1723
cm-1 and 1635 cm-1, which were assigned to C=O stretching and C=C stretching
vibrations, respectively [35-37], due to the grafted EDMA chains. As observed, these new
bands progressively increased in intensity as irradiation time until 20 min, and then
remained almost constant, selecting this irradiation time for the studies that followed.
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Fig. 3. Raman spectra of the inner ETFE tubing treated with: (A) BP and (B) EDMA at several
UV irradiation times. The grafting EDMA experiments were conducted using each time as
starting material a 20 min BP-treated ETFE material.

The changes of ETFE surfaces treated with UV photografting process were also
confirmed by SEM (Fig. 4). Thus, the BP treatment (first step) did not modify the physical
appearance of the transparent ETFE tubing, whereas the EDMA grafting (second step)
gave an observable white layer bonded to the inner surface.

Fig. 4. Photographs and SEM micrographs of ETFE tubing untreated (A) and grafted with EDMA
layer (B).

To further explore the effectiveness of this photografting process, other
fluoropolymers (PTFE, FEP and PFA) were surface-modified using the treatment
developed for the ETFE tubing. However, the modified materials did not show the
“grafted” characteristic peaks found in Raman spectra neither the presence of EDMA
layer in SEM micrographs. This can be ascribed to the fact that the fluorine abstraction
in these fluoropolymers is difficult for the excited photosensitizer (BP) to extract, in
10

contrast to the easy abstraction of hydrogen in the ETFE material. Several authors [16,38]
have reported that long irradiation times and high temperatures can increase the extent of
the modification. In order to promote the abstraction, longer irradiation times (up to 15
h) were tried; although, similar results were found. At sight of these findings, ETFE was
selected as housing support to prepare polymer monoliths.
Prior to evaluate the chromatographic performance of different polymer monoliths
(see Table 1) as stationary phases inside 0.75 mm ETFE tubing, the successful covalent
attachment of these monoliths onto the fluoropolymer tubing wall was demonstrated. Fig.
S2 shows a SEM micrograph of cross-section of a polymeric material (e.g. GMA-coDVB monolith) within the EDMA-grafted tubing. Clearly, the monolith was tightly
attached to the tubing surface. The effective anchoring of polymeric monoliths onto the
ETFE surface was also confirmed by evaluating the mechanical stability of the resulting
monoliths. In this sense, the relationship between flow rate and backpressure drop of the
monolith can be used to evaluate its adhesion to the wall. For the three polymer monoliths
investigated, good linear relationships (r > 0.9994) between backpressure (up to 9 MPa)
and flow rate were obtained.
Additionally, to investigate the feasibility of immobilizing polymeric monoliths
in wider ETFE tubing, a 1.57 mm i.d. of this material was surface-photografted using a
similar surface treatment process. A homogenous monolith (e.g. a poly(GMA-co-DVB))
was successfully formed within the tube, without gaps between the inner wall of tube and
the monolith (see Fig. S3).

3.2. Preparation and characterization of polymer monolithic columns in ETFE supports
Then, three different monolithic columns thermally initiated (see Table 1 for
details) were prepared within ETFE tubing. These columns were morphologically
characterized (Fig. 5). The SEM micrographs of the cross-sections of the different
polymeric beds revealed the typical interconnected microglobular structure of organic
monoliths. As it can be seen, the sizes of globules and flow-through pores of poly(BMAEDMA) monoliths (Fig. 5B) were smaller than those of the STY- and GMA-based
polymers (Fig. 5A and C, respectively), leading to lower permeability values (see Table
1).
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Fig. 5. SEM micrographs of cross sections of polymeric monoliths synthesized in
modified(grafted)-ETFE tubing: (A) poly(STY-co-DVB), (B) poly(BMA-co-EDMA) and (C)
poly(GMA-co-DVB).

Next, the performance of all three monolithic columns was evaluated via the
isocratic separation of alkylbenzenes as probe solutes. Thus, the poly(GMA-co-DVB)
column provided an acceptable separation of these analytes (Fig. 6C) with plate heights
between 52 and 74 µm at linear flow rate of 0.0027 mm s-1 (0.3 mL min-1). Under these
conditions, the poly(STY-co-DVB) (Fig. 6A) and poly(BMA-co-EDMA) (Fig. 6B)
monoliths exhibited plates heights ranged from 61-96 and 64-100 µm, respectively. The
lower efficiency of these two latter monoliths may be a consequence of their reduced
permeability compared with other columns studied in the present work as deduced from
SEM images (see Fig. 5). These plate heights were satisfactory or even better compared
to those reported in literature for polymeric monolithic columns made in several housing
supports. Thus, the efficiencies found were slightly better than those obtained in our
previous study (70-80 µm) using PTFE tubing [9]. In addition, our plate height values
were slower than 100-125 µm reported by Shu et al. [7] obtained with poly(LMA-coEDMA) monoliths in PEEK tubing using similar column dimensions (10 cm x 1.0 mm
i.d.). Our plate heights were also comparable to poly(STY-co-DVB) monolithic columns
prepared in this PEEK material (32-38 µm) [6] or in fused-silica line stainless-steel tubes
(30-60 µm) [32].
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Fig. 6. Separation of alkyl benzenes on several polymer monoliths in an ETFE tubing: (A)
poly(STY-co-DVB), (B) poly(BMA-co-EDMA) and (C) poly(GMA-co-DVB). Experimental
conditions: 100 mm × 0.75 mm i.d.; mobile phase, 33%(v/v) ACN in water; flow rate, 0.3 mL
min-1; injection volume, 1 µL; UV at 214 nm. Peak identification: (1) uracil, (2) toluene, (3)
ethylbenzene, (4) propylbenzene, (5) butylbenzene, (6) pentylbenzene.

The mixture of alkylbenzenes was also separated under gradient elution (Fig. S4).
The performance of each column was measured in terms of peak widths at half peak
height. The best values (21.0 s) were found for the poly(GMA-co-DVB) column,
followed by poly(BMA-co-EDMA) and poly(STY-co-DVB) monoliths (23.4 and 25.2 s,
respectively).
The polymeric monolithic columns in ETFE tubing were also applied to the
separation of a mixture of three proteins (Fig. 7). Under gradient elution conditions, the
STY-co-DVB and GMA-co-DVB columns showed better separation performance (peak
width at half peak height values of ca. 4.0 s) than that obtained with BMA-co-EDMA
column (6.8 s). The higher performance of both monoliths can be attributed to an optimal
combination of its porosity and surface chemistry.
Additionally, these polymer monoliths were synthesized in 1.57 mm i.d. ETFE
tubing and tested as chromatographic supports. As shown in Fig. S5, satisfactory
separations both for small molecules and proteins in RP mode were achieved.
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Fig. 7. Separation of proteins on several polymer monoliths in an ETFE tubing: (A) poly(STYco-DVB), (B) poly(BMA-co-EDMA) and (C) poly(GMA-co-DVB). Experimental conditions:
mobile phase, A = 0.1% aqueous TFA, B = 0.1% TFA in ACN; linear gradient from 17 to 100%
B in A in 5 min at 1 mL min-1 (trace A); linear gradient from 17 to 60% B in A in 5 min at 0.5
mL min-1 (trace B); linear gradient from 17 to 100% B in A in 5 min at 1 mL min-1 (trace C); other
experimental conditions as in Fig. 6. Peak identification: (1) ribonuclease A, (2) cytochrome C
and (3) myoglobin.

In order to test the reproducibility of the preparation process of polymeric
monoliths in ETFE tubing, several chromatographic parameters were evaluated by
injecting the alkylbenzene test mixture under conditions given in Fig. 6. Table 2 shows
satisfactory run-to-run and day-to-day reproducibilities for all parameters investigated,
with RSD values below 4.4%. Also, the column-to-column reproducibility, calculated
with three columns in ETFE supports (previously treated with the optimal photografted
protocol), gave acceptable RSD values (< 10.8%).

14

Table 2. Repeatability and reproducibility of several chromatographic properties (expressed as
RSD%) for the three polymeric monoliths synthesized in ETFE tubinga.
Repeatability
Polymeric monolith

poly(STY-co-DVB)

Parameter

Run-to-run

Day-to-day column

Column-to-

column (n = 3)

(n = 5, 3 days)

column (n = 3)

t0 (min)

0.1

0.1

1.3

kbutylbenzene

0.4

0.5

2.4

Hbutylbenzene (µm)

3.2

4.4

4.9

t0 (min)

0.2

0.1

0.3

0.4

0.6

2.3

Hbutylbenzene (µm)

3.7

8.0

9.8

t0 (min)

0.4

0.2

1.5

kbutylbenzene

0.3

0.2

1.0

Hbutylbenzene (µm)

1.1

2.4

10.8

poly(BMA-co-EDMA) kbutylbenzene

poly(GMA-co-DVB)

a

Reproducibility

Working LC conditions as in Fig. 6.

4. Conclusions
In this study, a cost-effective, easy and green modification method of the inner
wall surface of fluoropolymers tubing (up to 1.57 mm i.d.) to assure a covalent attachment
of polymeric monoliths has been developed. For this purpose, several fluoropolymer
materials were treated with a two-step UV photografting process taking advantage of its
UV transparency. As a result of this study, ETFE tubing was selected since it showed a
successful anchorage of monolith to fluoropolymer wall, which was due to the presence
of hydrogen in its structure and the challenging fluorine abstraction in the rest of
fluoropolymers considered. The optimization of both steps was monitored by Raman
measurements of ETFE tubing. In addition, SEM measurements and adhesion tests
corroborated the effective binding of polymer monolith to the inner wall. Then, different
polymers poly(STY-co-DVB), poly(BMA-co-EDMA) and poly(GMA-co-DVB) were
synthesized in ETFE tubing, and they were chromatographically tested using
alkylbenzenes and proteins as test solutes in a conventional HPLC system. The resulting
monolithic columns showed a satisfactory pressure resistance and acceptable column
efficiency and reproducibility. The developed microbore columns could be employed in
different analytical methodologies such as purification, preconcentration, separation or
other flow-based applications.
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