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Abstract

In this work we demonstrate that the X-Terra RP18® stationary phase, specially designed for the analysis of basic compounds in liquid
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hromatography, may be successfully used in capillary electrochromatography. Although this packing material does not afford a
lectroosmotic flow with classical hydro-organic mobile phases, the addition of a surfactant that adsorbs onto the stationary phas
enerate a sustainable electroosmosis flow (EOF), the direction of which depends on the charge of the surfactant. The way of m

he electroosmotic flow is described (nature and concentration of the added surfactant, proportion of the organic modifier in the mo
H). It is then demonstrated that high efficiencies can be reached with this packing material (up to 220 000 plates/m with a mea
articles of 3.5�m) when it is operated at high linear velocities. Then the separations of different classes of compounds such as a
ntibiotics, macrolide antibiotics or basic test solutes with mobile phases with pH up to 10.8 are described. The influence of the
odium dodcylsulfate (SDS) to the mobile phase on the retention is described and the selectivity of the X-Terra RP18® stationary phase
ompared to that of a more traditional phase, i.e. Hypersil C18 stationary phase with SDS added to the mobile phase. However, it is show
good repeatability of the retention factors can only be obtained when the ionization of the compounds is totally suppressed since
f the buffered hydro-organic mobile phase occurs in the buffer reservoirs leading to a variation of the mobile phase pH and cons
modification of the ionization degree of the solutes having their pKa close to the mobile phase pH.
2004 Published by Elsevier B.V.
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. Introduction

Capillary electrochromatography is a hybrid technique
ombining aspects of both high performance liquid chro-
atography (HPLC) and capillary electrophoresis (CE). As

n capillary electrophoresis, the separation is performed in a
apillary column under an applied electrical field, with elec-
roosmotic flow (EOF) as the driving force for bulk liquid
ovement. As in liquid chromatography, the capillary con-

ains a stationary phase and the separation of the solutes there-
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fore results from the partitioning of the solutes between
mobile and the stationary phases. When ionised solute
analysed, electromigration can be exploited as an addit
mechanism to modulate the separation. This techniqu
gained considerably in popularity over the last decade an
been demonstrated to give extremely high efficiencies[1–3].
Despite the great variety of stationary phases available fo
uid chromatography, only very few of them have been u
today in CEC, especially the classical bonded silicas su
Hypersil or Spherisorb as they give excellent linear vel
ties under electrodriven conditions and allow separation
great variety of compounds in a useful timeframe. Howe
the analysis of strongly basic analytes, an analytical chall

021-9673/$ – see front matter © 2004 Published by Elsevier B.V.
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for many years, on such traditional bonded stationary phases
which exhibit a high density of acidic silanol groups, results
in secondary interactions, severe peak tailing and increased
retention[4]. The main problem encountered with the analy-
sis of basic compounds is due to the interaction between their
basic nitrogen and the residual silanol groups of the packing
materials. To date, the methodology usually used to analyse
basic compounds by electrochromatography relies on the ad-
dition of small competiting bases such as triethylamine[5],
triethanolamine[5], hexylamine[6], ethylenediamine[7,8] in
the mobile phases although this addition slows down the EOF.
An other approach to analyse basic compounds has also been
described by several authors using unbonded silica in CEC
with simple aqueous-organic mobile phase with or without
the need for competiting bases in the mobile phase, with good
efficiencies and separation performance[9–14]. To overcome
the problem of peak tailing encountered with silica materi-
als several authors proposed to use a strong cation-exchange
stationary phase but a rapid, unpredictable and unexplain-
able loss of efficiency of the stationary phases was observed
[15–18].

In liquid chromatography, these problems have been ad-
dressed by the introduction of a wide range of stationary
phases where the silanol groups have either been deactivated
or shielded and by the manufacturing of very pure silica (free
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mance in separating neutral and basic compounds by CEC.
The influence of several parameters conditioning the gen-
eration of the EOF were studied: influence of the addition
of a cationic or an anionic surfactant to the mobile phase,
influence of the pH and of the hydroorganic content. Then,
the separations of a few classes of compounds are described
(amphenicol antibiotics, macrolide antibiotics and basic test
compounds) and the results compared to those obtained in
liquid chromatography in the same experimental conditions.
Electrolysis of the mobile phase is demonstrated to be respon-
sible of the lack of repeatability observed when the solutes
are separated in the ionisation-control mode, i.e. when the
pH of the mobile phase is close to their pKa values.

2. Experimental

2.1. Chemicals

Stock solutions of the macrolides (Josamycin from ICN
Biomedicals (Orsay, France), erythromycin, lincomycin, and
tylosin tartrate from Sigma (Paris, France), tilmicosin from
Eli Lilly (Suresnes, France), Virginiamycin from Pfeizer
(Paris, France), Neospiramycin and spiramycin from Aven-
tis pharma (Paris, France)) were prepared at a concentration
of 1 and 10 g L−1 in methanol for HPLC and CEC experi-
m
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f metal impurities), thus reducing the number of reac
cidic silanol groups responsible for peak tailing. As a re

hough, such stationary phases dedicated to the analy
asic compounds yield a low or even no EOF in capil
lectrochromatography when compared to the EOF g
ted with the more acidic, older silica[13,18,19]. Moreover

hese extensively end-capped, pure silica-based phas
ften unusual in CEC since they do not possess a suffi
ettability and keep drying out. As a consequence, cap
lectrochromatography is plagued by a number of critica
ues, one of the main issue of contention being the ab
f CEC stationary phase suitable for the analysis of b
ompounds[19].

The potential of the X-Terra RP18® stationary phase
EC has never been explored to the best of our knowl
lthough it may present several advantages over other
entional stationary phases in CEC and may extend the
f CEC through the analysis of basic solutes. Indeed
erra RP18® stationary phase has been specifically desig
o “shield highly” polar and basic compounds from sila
ctivity in liquid chromatography. According to the ma

acturer, the X-Terra RP18® material combines an extreme
ow area of underivatized surface because of the methyls
ne groups incorporated throughout the hybrid particle a
ighly shielded surface owing to the incorporated embe
olar group. Its main advantage lies in its stability towa
igh pH electrolytes, allowing the separation of basic so
y controlling their ionization degree at high pH without a
roblem of stationary phase dissolution.

We have evaluated the X-Terra RP18® stationary phase fo
ts ability to generate a sustainable EOF and for its pe
e

ents, respectively. These solutions were stored at−20◦C in
he dark. All the basic test compounds (protriptylin, diph
ydramin, clozapin and imipramin) were from Sigma.
tock solutions of these compounds were prepared at a
entration of 1 g L−1 in methanol and 10 g L−1 in water (ex-
epted for clozapin at 5 g L−1 in methanol/water, 80/20) fo
PLC and CEC experiments, respectively. These solu
ere stored at 4◦C in the dark.
The stock solutions of amphenicol antibiotics (Chlora

henicol, Thiamphenicol and Florfenicol) all from Schler
lough (Paris, France) were prepared in methanol at a
entration of 1 g L−1.

All the stock solutions were diluted in the mobile ph
ust prior to analysis.

.2. Mobile phases

The different reagents (sodium tetraborate, tris(hydr
ethyl)methylamine (TRIS), sodium citrate, CAP
APSO, ammonia, sodium dodcylsulfate (SDS) were
f analytical grade from Sigma (Paris, France). Buf
f tetraborate 10 mM at pH 9.3, TRIS 100 mM at pH 7
itrate 100 mM at pH 3.5, CAPS 10 mM at pH 10.5, CAP
0 mM at pH 10.5, ammonia 10 or 25 mM at pH 10, w
repared at the desired concentration and adjusted
Cl as required. Their pH values refer to the aque
olution. These aqueous buffer solutions were systemat
ltered through 0.45�m nylon filters prior to use. The
he hydro-organic mobile phases were prepared by m
v/v/v) the organic solvent (HPLC-grade acetonitrile fr
DS, Paris, France) with the desired volumes of buffer



J.C. Valette et al. / J. Chromatogr. A 1049 (2004) 171–181 173

water (if necessary) in order to reach the desirable total ionic
strength and the desirable aqueous-organic proportion (v/v).

SDS was added to the hydro-organic mobile phase by dis-
solving the appropriate amount of SDS in 100 mL of mobile
phase. The SDS content refers to the total mobile phase vol-
ume.

2.3. Apparatus

2.3.1. Liquid chromatography
The HPLC system consisted of a LC-10AD pump (Shi-

madzu, France), a model 7125 injection valve (Rheodyne,
Paris, France) equipped with an external injection loop of
5�L, and a model SPD6 wavelength UV detector (Shimadzu,
Paris, France). Chromatograms were recorded using a model
CR5-A integrator (Shimadzu, Paris, France).

Two commercial columns were used throughout this study.
An X-Terra RP18® column (100 mm× 4.6 mm i.d.,dp =
3.5�m) and an Hypersil ODS column (100 mm× 4.6 mm
i.d., dp = 5�m). The flow rate was set at 1 mL min−1 and
the injection volume was 5�L for all experiments. All the
separations were implemented at room temperature (25◦C).

2.3.2. Nano-liquid chromatography
The capillary columns used in nano-liquid chromatogra-
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injections of very small amounts of sample minimizing ex-
ternal dispersion.

2.3.2.3. Detection.The separation column was inserted in
the detection cell of a Hewlett-Packard HP3D CE UV–vis
detector. The detection window of the capillary allowed to
perform in situ detection.

2.3.3. Capillary electrochromatography
CEC experiments were performed on a HP3DCE (Agilent

Technologies, Waldbronn, Germany) equipped with a diode
array detector operated at the desired wavelength. All exper-
iments were carried out at 25◦C. A pressure of 10 bars pro-
vided by pressurized nitrogen was applied at both ends of the
capillary to prevent bubble formation. Samples were injected
electrokinetically by application of a voltage of 5 kV during
2 s. The columns used throughout this study (l = 8.5 cm,L
= 32 cm orl = 23.5 cm,L = 32 cm) were home-made as de-
scribed in the procedure section. In the short-end injection
mode, the separation was realized with a 8.5 cm effective
separation length (8.5 cm packed portion) and the voltage
polarity was inverted so that the solutes migrated towards the
detection window located immediately after the retaining frit.
Thiourea was used as electroosmotic flow marker.
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hy were the same as those used in capillary electro
atography. The nano-LC system was home-made a

owing described.

.3.2.1. The pumping system.A LC-10AD pump (Shi-
adzu, France) was used in the microliter per minute flow

ange. The nano-LC flow velocity was determined mea
ng the retention time of thiourea, an unretained compo
t corresponded to nanoliter per minute flow rate. Such
ow rates were obtained by splitting the pump flow. Pa
he flow goes in the nano-LC column, the other part goes
estrictor whose length and diameter were adjusted to o
he desired split ratio.Fig. 1shows the experimental set-u

.3.2.2. Injection procedure.A six-port valve (Rheodyn
125) from (Interchim, Montluc¸on, France) was used to p

orm sample injections. In the “load” position, the valve c
ects the pump flow directly to the restrictor through por
nd 3 (Fig. 1A). The sample is introduced through ports 5
using a classical syringe. The sample solution flows thr
orts 4, 1 and 6, sweeping the inlet frit of the LC colu
ithout entering it (Fig. 1A, inset). Then the sample soluti

s let standing in the system for a measured time (typic
0 s). During this contact time, solute molecules can dif

hrough the column inlet frit (Fig. 1A, inset). After the con
act time was elapsed, the sample solution was rapidly flu
ith about 1 mL of mobile phase pushed through port 5 u
second syringe. The valve is immediately switched t

inject” position resuming the mobile phase flow through
olumn (Fig. 1B). This procedure allowed for reproducib
.3.4. Capillary electrophoresis (CZE)
CZE experiments were performed on a HP3DCE (Agilent

echnologies, Waldbronn, Germany) equipped with a d
rray detector operated at the desired wavelength. Fuse

ca capillaries (375�m o.d.× 50�m i.d. total length 32 cm
ffective length 23.5 cm) were purchased from Thermo S
ation Products (Fremont, CA, USA). Samples were inje
ydrodynamically by applying a pressure of 25 mbar du
s.

.4. Column preparation

Fused silica capillary columns columns (Thermo Sep
ion Products, Fremont, CA, USA) of approximately 33
n length with 375�m out diameter and 75�m inner di-
meter were slurry packed. The length of the packed
as 23.5 cm (classical configuration) or 8.5 cm (short

njection mode). The stationary phase (X-Terra RP18® dp =
.5�m from waters or Hypersil ODSdp = 5�m from Ther-
ohypersil) was immobilised with two frits, one frit of Nuc
sil C18 (7�m 1000Å) (Macherey-Nagel, D̈uren, Germany
ne frit of the packing material (X-Terra RP18® or Hypersil
DS) because problems of bubble formation and statio
hase drying occurred during analyses when the two
ere made of the packing material.
Prior to the packing procedure with the X-Terra RP1®

or Hypersil ODS) stationary phase, the outlet frit has t
reated from the (Nucleosil C18) stationary phase and locat
t a distance of ca 10 cm of the capillary extremity. In
urpose, the capillary was packed with 1000-7 C18 and then

he packing was sintered under water circulation by u
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Fig. 1. Experimental set-up for nano-LC experiments.

the frit fusing device and then the excess the Nucleosil C18
stationary phase was removed from both sides of the frit as
previously described[20]. The X-Terra RP18® (or Hyper-
sil ODS) stationary phase was slurried in acetonitrile at a
concentration of 20–30 mg mL−1and the suspension placed
in an ultrasonic bath for 5 min. The slurry was then poured
into the glass lined tube connected to the capillary and to the
LC pump. During the packing procedure, the slurry reservoir
was placed in the ultrasonic bath to prevent settling out of the
stationary phase. The initial flow rate was set at 60�L min−1

until the pressure reached 400 bars. The packing pressure
was further maintained at 400 bars until the desired length
of capillary had been reached, the system was then allowed
to depressurise. Then, the packing material (X-Terra RP18®

or Hypersil ODS) was sintered under water circulation. No
sodium was added in the fritting solution in order to create
the inlet frit.

A detection window was made at 2 mm from the outlet frit
(in the open section) by burning the polyimide coating using
the same hot filament device. The column was then flushed
with the mobile phase with the LC pump.

3. Results and discussion
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linear velocity. First, experiments were carried out in classi-
cal experimental conditions, i.e. with buffered or unbuffered
hydro-organic mobile phases and the results compared with
those obtained with an Hypersil ODS stationary phase oper-
ated in the same experimental conditions. Results are sum-
marized inTable 1.Whatever the mobile phase composition
many problems of drying out of the column were encountered
with the X-Terra RP18® stationary phase and the column had
to be regularly flushed at a high pressure (200 bars) with an
LC pump. The electroosmotic mobility determined on the X-
Terra RP18® stationary phase in presence of 85% acetonitrile
at pH 7.6 (1.3× 10−4 cm2 s−1 V−1) was in the same order
of magnitude of the electroosmotic mobility calculated by
Channer et al.[14] on the X-Terra unbonded phase at the same
pH (µeo = 10−4 cm2 s−1 V−1 with a 8/2 (v/v) ACN/TRIS
50 mM pH 7.8/water). Whereas the Hypersil ODS material
allowed generating a high EOF in a wide range of pH and
acetonitrile composition, the EOF generated by the X-Terra
RP18® material was at least the half of the EOF generated by
the Hypersil ODS packing material. Moreover, the EOF on
the X-Terra RP18® material was much more dependant on
pH and dropped off considerably in a weak acidic medium
indicating the residual silanols remaining at the surface of
this material are weak acids. The same phenomenon has
already been reported by Smith[13] who studied the be-
h ned
f RP
8 ated
b ons
w
e e X-
T lity
(
3 ile
p ayer
t . the
.1. Electroosmotic flow on X-Terra RP18stationary
hase

Since the ability to support electroosmosis flow (EOF
ne of the most important properties of a column pac
aterial for CEC, it is of utmost importance to investig

he conditions of generation of EOF and the ways fo
ontrolling and manipulating. In fact, owing to its parti
ar surface structure the X-Terra RP18® material may no
ossess a high density of residual silanol groups to g
te a sustainable EOF allowing to work in the right rang
aviour of two other packing materials specially desig
or the analysis of basic compounds (Symmetry Shield

and Develosil ODS UG-5), although the EOF gener
y these two materials in similar experimental conditi
ere significantly higher (µeo ∼= 2 × 10−4 cm2 s−1 V−1),
ven in buffered aqueous organic mobile phase. On th
erra RP18® material, the highest electroosmotic mobi
µeo = 1.5× 10−4 cm2 s−1 V−1, i.e.veo = 0.14 cm s−1 atV=
0 kV for L = 32 cm), was obtained with unbuffered mob
hases, i.e. with the lower ionic strength (higher double l

hickness) and with the higher organic solvent content, i.e
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Table 1
Electroosmotic mobilities measured in various mobile phase conditions for two different packing materials

µeo (×104 cm2 s−1 V−1) Percentage acetonitrile Citrate buffer pH 3.5 TRIS buffer pH 7.5 Unbuffered mobile phase

X-Terra RP18® 85 <0.3× 10−4 1.30± 0.11× 10−4 1.55± 0.06× 10−4

30 <0.3× 10−4 0.90± 0.05× 10−4 1.10± 0.05× 10−4

Hypersil ODS 85 1.60± 0.05× 10−4∗ 2.80± 0.05× 10−4 3.30± 0.28× 10−4

30 1.50± 0.10× 10−4∗ 2.35± 0.05× 10−4 2.7± 0.50× 10−4∗∗

n = 2 excepted for (**)n = 4. The electroosmotic mobility value is the mean of then values obtained for then capillaries tested, each value being the mean
of at least three EOF measurements on the same capillary. The total ionic strength was kept constant for all experiments (5 mM) excepted for (*) total buffer
concentration: 2 mM. Capillary columns: total length, 32 cm; packed length, 23.5 cm.

lower viscosity. However, since unbuffered mobile phases do
not allow the control of the ionisation degree of basic solutes
and consequently their retention in chromatography, their use
is usually prohibited.

3.1.1. Influence of the addition of an ionic surfactant
In order to increase the EOF on the X-Terra RP18® sta-

tionary phase and to be able to reach the optimal mobile phase
linear velocity (about 0.14 cm/s with 3.5�m silica particles),
the addition of an anionic surfactant to the mobile phase was
studied. Such an addition of an ionic surfactant to the mobile
phase has already been reported in the literature with two
different purposes[21–24]. First, the addition of SDS allows
stabilizing the current and the electroosmotic flow by improv-
ing the wettability of the stationary phases (by decreasing the
surface tension at the solid–liquid interface) especially for
non-porous particles[21]. Secondly, such an addition, at a
concentration below the critical micelle concentration, may
allow to increase the EOF by increasing the charge density of
the packing material, the variation of the EOF being closely
related to the organic content of the mobile phase[22,24]and
to the nature of the stationary phase (porous or non-porous).

First and as expected, the addition of SDS allowed stabiliz-
ing the separation current and the EOF and the current failures
consecutive to the drying out of the packing material were no
l ode-
c mM
l 3%,
+ DS,
r sur-
f ed to
r
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t ified
s

ro-
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w OF is
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Fig. 2. Effect of acetonitrile proportion on the electroosmotic mobility. Col-
umn:L = 32 cm,l = 8.5 cm and 75�m in i.d. (short-end injection mode),
stationary phase: X-Terra RP18® (dp = 3.5�m), mobile phase: (acetoni-
trile/water, x/100-x, v/v) injection 2.5 kV, 2 s. (�): with SDS 10 mM; (�):
without SDS.

crease of the adsorption of the surfactant with the increased
acetonitrile ratio is responsible for the EOF diminution. In-
creasing the surfactant concentration or its alkyl chain length
counterbalanced this decrease of the EOF with the acetoni-
trile ratio: with 70% acetonitrile in the mobile phase, an elec-
troosmotic mobility of 1.7× 10−4 cm2 s−1 V−1 was reached
by increasing simultaneously the alkyl chain length of the
surfactant from C12 to C16 and its concentration from 10 to
15 mM.

Moreover, and as can be seen inTable 2, the EOF became
quite independent of the pH of the mobile phase when a sur-
factant was added to the mobile phase, indicating that the
residual silanol groups that supported the EOF in absence of
SDS, no longer participate to the EOF in such conditions and
that the EOF is only supported by the surfactant adsorbed
onto the packing material. It was also verified (by conduc-
tivity measurements) that no micelle formation occurred in

Table 2
Electroosmotic mobilities measured at different pH values

µeo (×104 cm2 s−1 V−1)

Citrate buffer pH 3.5 (n = 2) 2.00± 0.13× 10−4

TRIS buffer pH 7.5 (n = 2) 2.20± 0.04× 10−4

Unbuffered mobile phase (n = 2) 2.20± 0.14× 10−4

Capillary column: total length, 32 cm; packed length, 23.5 cm. Stationary
phase: X-Terra RP18®, d = 3.5�m. Each electroosmotic mobility value is
t ing
t Mobile
p M.
onger observed. Furthermore, increasing the sodium d
ylsulfate concentration in the mobile phase from 0 to 10
ed to a progressive increase of the cathodic EOF (+3
89% and +144% at 2 mM SDS, 5 mM SDS and 10 mM S
espectively) consecutive to the adsorption of the anionic
actant onto the surface of the packing material and allow
each an electroosmotic mobility of 2.2× 10−4 cm2 s−1 V−1,
.e. to reach a linear velocity of 0.17 cm/s at 25 kV. The s
alues of EOF were reached when SDS was replaced b
ecyltrimethyl ammonium bromide (DTAB), a cationic s

actant with the same alkyl chain length, but the polarity
o be reversed owing to the positive charge of the mod
urface (EOF directed towards the anode).

As illustrated inFig. 2, an increase of the acetonitrile p
ortion led to an increase of the EOF when no SDS was a

o the mobile phase whereas it led to its decrease when
as present. In absence of SDS, the increase of the E
ue to the predominant effect of the increase of the (ε/η) ratio,

.e dielectric constant/viscosity ratio, whereas in presen
DS, the decrease of the zeta potential consecutive to th
 -

p

he mean of thenvalues obtained for thencapillaries tested, each value be
he mean of at least three EOF measurements on the same capillary.
hase: acetonitrile/water/buffer (100 mM, 30/68/2, v/v/v), SDS = 10 m
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Fig. 3. Effect of the mobile phase linear velocity on the reduced plate height.
Column:L = 32 cm,l = 8.5 cm and 75�m in i.d. (short-end injection mode),
stationary phase: X-Terra RP18® (dp = 3.5�m), mobile phase: acetoni-
trile/water (30/70, v/v), SDS = 10 mM, injection 2.5 kV, 2 s. (�): thiourea (k
= 0); (©): TAP (k = 0.4); (�): FLF (k = 1.4); (♦): CAP (k = 2).

the experimental conditions used throughout this study, i.e.
with surfactant concentration lower than 15 mM and with
acetonitrile percentage ranging from 30% to 70%. In con-
clusion, a satisfactory EOF can be obtained on the X-Terra
RP18® stationary phase, in the whole range of organic mod-
ifier composition and pH, by adjusting the alkyl chain length
of the surfactant and its concentration. The direction of the
EOF depends on the charge, cationic or anionic one, of the
surfactant. Moreover, one may notice that there was problem
associated with EOF reproducibility (Table 2) as long as a
sufficient equilibration time allowed to reach the surfactant
adsorption/desorption equilibrium when the organic modifier
content of the mobile phase was modified.

3.1.2. Evaluation of the performances of X-Terra RP18®

home-made columns
In order to evaluate the performances of the home-made

columns packed with the X-Terra RP18® packing mate-
rial, their efficiencies were determined for thiourea (unre-
tained solute) and for three neutral retained solutes (Thi-
amphenicol (TAP), Chloramphenicol (CAP) and Florfenicol
(FLF)) in presence of an hydro-organic mobile phase (ace-
tonitrile/water, 30/70), SDS 10 mM at different mobile phase
velocities. The applied voltage was varied from 5 to 30 kV
on columns of 8.5 cm effective length and 32 cm total length
( cm
e o-
b died
b re-

f the a

Table 3
Retention factors calculated for the amphenicol compounds in CEC and
nano-LC on the same X-Terra RP18® capillary column

k (TAP) k (FLF) k (CAP)

CEC 0.46± 0.02 (n = 3) 1.41± 0.04 (n = 3) 1.85± 0.06 (n = 3)
Nano-LC 0.46± 0.01 (n = 3) 1.47± 0.02 (n = 3) 1.97± 0.02 (n = 3)

Capillary column: total length, 32 cm; packed length, 23.5 cm. Mobile phase:
acetonitrile/water (70/30, v/v), SDS 10 mM.

sults represented inFig. 3for the short column (8.5 effective
length). Theoretical reduced plate heights (h = H/dp) values
as low as 1.3 (i.e. around 220 000 plates m−1) can be reached
for retained solutes (k > 1) at a mobile phase velocity of ca.
0.08 cm s−1. The higher reduced plate heights determined for
the EOF marker and the less retained solute were due to extra-
broadenings effect (presence of two frits on a short column),
the influence of which are more important for species hav-
ing low retention factors and for short length columns: for the
longer columns (packed length 23.5 cm) the efficiencies were
the same (around 220 000 plates m−1) for the unretained and
retained solutes. As can be seenFig. 3, reduced plate heights
remained quite low (less than 2.2) when higher linear veloc-
ities (up to 0.3 cm s−1) were used. The principal advantage
of this is the possibility of realizing fast separations without
a great loss in efficiency.

3.2. Applications

3.2.1. Separation of amphenicol antibiotics
The first class of compounds studied in CEC with the X-

Terra RP18® stationary phase was the amphenicol antibiotics
(FLF, CAP, TAP) that are neutral compounds whatever the
pH of the mobile phase and that do not present any basic moi-
ety (Fig. 4). As illustrated inFig. 5a, they were separated in
l −1 o-
o ntra-
t d
i uite
s illary
c indi-
c s on
t elu-
t times
o

sev-
e t, the
i was
s t
in the short-end injection mode) and on columns of 23.5
ffective length and 32 cm total length. The effect of m
ile phase velocity on the separation efficiency was stu
y evaluation of theh–u curve and the corresponding

Fig. 4. Structures o
 mphenicol antibiotics.

ess than 2 min (veo = 0.237 cm s ) in presence of an hydr
rganic mobile phase containing a 10 mM SDS conce

ion, in the short end injection mode (l = 8.5 cm). As reporte
n Table 3, the retention factors calculated in CEC were q
imilar to those measured in nano-LC on the same cap
olumn and with the same mobile phase composition,
ating that the partitioning of these neutral compound
he reversed-phase is not significantly affected by the
ion mode (pressure- or electro-driven mode) as some
bserved in the literature for other compounds[25–27].

In order to study the influence of SDS on retention,
ral complementary experiments were conducted. Firs

nfluence of the addition of SDS on retention factors
tudied in LC: the obtained results (Table 4) indicate tha
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Table 4
Influence of the addition of SDS on the retention factors of amphenicols in LC (experiments without SDS were implemented before experiments with SDS)

k (TAP) k (FLF) k (CAP)

Without SDS 0.61± 0.01 (n = 3) 2.01± 0.01 (n = 3) 2.33± 0.01 (n = 3)
SDS (10 mM) 0.49± 0.01 (n = 3) 1.57± 0.01 (n = 3) 2.13± 0.01 (n = 3)

Column: X-Terra RP18®, L = 10 cm,dp = 3.5�m, 4.6 i.d., flow rate 1 mL/min. Mobile phase: acetonitrile/water (70/30, v/v) with or without SDS.

the presence of SDS (at 10 mM) in the mobile phase only
slightly reduces the retention factors of the amphenicol an-
tibiotics, the reduction being less pronounced for the more
retained compound (−9% for CAP) than for the two other
ones (−20% for CAP and TAP). The influence of the mobile
phase composition (organic modifier content) on retention
was also studied with SDS added to the mobile phase and the
logarithms of retention factors of the three neutral ampheni-
cols are plotted against the acetonitrile percentage (Fig. 6,
bold lines). As expected in the reversed-phase mode, there is
a decrease of the logarithm of the retention factors when the
acetonitrile percentage increases. Furthermore, the retention
and selectivity on the X-Terra stationary phase were com-
pared to those obtained with a more traditional phase, the

F
t
i
m
X

Hypersil ODS stationary phase, in presence of SDS and in
the same experimental conditions (Fig. 6, dashed lines). The
results indicate that higher retention factors are measured
with the X-Terra RP18® material (excepted at a high ace-
tonitrile percentage) but that the selectivities are quite simi-
lar with both materials). The corresponding chromatograms
are representedFig. 5a and b. At last, it was verified that the
CEC separation of amphenicol antibiotics was not due to in-
teractions occurring in solution with the SDS monomers or
with SDS aggregates since the amphenicol antibiotics did not
possess any apparent electrophoretic mobility in CZE in pres-
ence of the charged surfactant added to the mobile phase.The
efficiencies attainable in the CEC mode with the X-Terra sta-
tionary phase (about 170 000 plates/m at a linear velocity of
0.19 cm s−1) were significantly higher than those obtained
with the same column in the nano-LC mode (60 000 plates/m
at 0.17 cm s−1) confirming that CEC allows to reach higher
efficiencies than LC.

3.2.2. Separation of macrolide antibiotics
In order to explore the ability of such a packing material to

separate basic compounds under their neutral form (by sup-
pressing their ionization in a basic medium) a few macrolide
antibiotics (Fig. 7) were chosen for further work. For such
compounds, the ionization of which may be controlled by
t r that
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ig. 5. Separation of amphenicol antibiotics. Mobile phase: acetoni-
rile/water (30/70), SDS 10 mM. Column:L = 32 cm,l = 8.5 cm and 75�m
n i.d. (short-end injection mode),V = 25 kV, injection 2.5 kV, 2 s. M: EOF

arker; TAP: Thiamphenicol; FLF: Florfenicol; CAP: Chloramphenicol. (a)
-Terra RP18® (dp = 3.5�m) and (b) Hypersil ODS (dp = 3�m).
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210–300 nm) and that does not possess a high conduc
n order to avoid Joule effect. The phosphate buffer at a

ig. 6. Influence of the mobile phase composition on the retention. Co
= 32 cm,l = 8.5 cm and 75�m in i.d. (short-end injection mode). Mob
hase: acetonitrile/water (x/100-x, v/v), SDS = 10 mM, injection 2.5 kV
©): TAP; (�): FLF; (	): CAP. Bold lines (—): stationary phase: X-Te
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dp = 5�m).
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Fig. 7. Structures of the macrolide antibiotics.

pH was excluded following the manufacturer’s recommenda-
tion, borate buffer (pH 9.3) led to severe peak distortion in LC
on the X-Terra RP18® stationary phase (probably due to the
complexation of the glycosidic functions of the macrolides
with the borate ions), the biological buffers such as CAPS
and CAPSO absorbed in the low UV range so that the am-
monia buffer was the only buffer, among those tested, that
could be used for this analysis. As illustrated inFig. 8, all the
compounds of interest were separated at pH 10, a pH value
at which it has been verified in CZE (through the measure-
ment of the electrophoretic mobilities) that the compounds of
interest did not possess any charge. In such conditions, five
macrolides were separated, with symmetrical peak shapes.
As verified in LC, these compounds could not at all be sep-
arated with the more classical C18 Hypersil stationary phase
(with or without SDS) owing to their great interactions with
the residual silanol groups that have a disastrous effect on
peak symmetry and efficiency. For these compounds, the ef-
ficiencies calculated in CEC on the X-Terra stationary phase,

depended on the nature of the solute (from 16 000 plates/m for
Virginiamycin to 96 000 plates/m for Josiamycin and Tilmi-
cosin) and were low when compared to those measured for
the non-basic solutes (amphenicol antibiotics). The lower dif-
fusion coefficient and the higher molecular weight of the
macrolides may account for such differences between the
simple molecules and the macrolides.

3.2.3. Separation of basic test solutes
Clozapine, diphenhydramine, protriptyline and imipra-

mine, usually used as basic test solutes in LC were also
studied in CEC with the X-Terra RP18® material. Owing
to the pKa decrease of organic bases in hydro-organic solu-
tions [28] all these solutes were neutral in the experimental
conditions used throughout this study (pH 10, percentage ace-
tonitrile >30%) except for protriptylin that remained cationic
even at this high pH value as verified in CZE (µep ∼= 1.6×
10−4 cm2 s−1 V−1) in (acetonitrile/ammonia buffer 10 mM
pH 10, 30/70, v/v). When injecting these solutes in CEC just
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Fig. 8. Separation of macrolide antibiotics in CEC with the X-Terra sta-
tionary phase. Column:L = 32 cm, l = 8.5 cm and 75�m in i.d. (short-
end injection mode). Stationary phase: X-Terra RP18® (dp = 3.5�m), V
= 15 kV, injection 2.5 kV, 2 s. Mobile phase: acetonitrile/ammonia buffer
(45/55, 10 mM, pH 10), SDS 10 mM. V: Virginiamycin; Ty: Tylosin; S: Spi-
ramycin; Ti: Tilmicosin and J: Josamycin.

after the capillary has been hydrodynamically preconditioned
with the mobile phase (�P= 200 bars) (Fig. 9a) the retention
factors calculated for the compounds were in good agree-
ment with those determined in LC in the same experimental
conditions. Only protriptylin that remained cationic at this
pH exhibited an apparent retention factor (kapp = (tr/teo − 1)
= 3.9) lower than the retention factor determined in LC (k =
6.61) in the same experimental conditions, indicating that the
electromigration of this compound (directed towards the de-
tection extremity) significantly decreased its migration time.
It was also verified in liquid chromatography that, if the ad-
dition of SDS only slightly decreased the retention factors of
the neutral species, it significantly increased the retention of
the cationic ones (such as protriptylin) owing to electrostatic
interactions (attractive ones) with the anionic surfactant ad-
sorbed onto the stationary phase:kprotriptylin increased from
4.16 to 6.61 when a 10 mM SDS concentration was added
to the mobile phase. Efficiencies ranging from 125 000 to
145 000 plates/m were reached for these basic compounds at
a linear velocity of about 0.1 cm s−1 and no peak tailing was
observed. These efficiencies were lower than those obtained
for non-basic compounds (amphenicol antibiotics) but at least
twice higher than efficiencies obtained in conventional LC in
the same mobile phase conditions with an X-Terra RP18®

commercial column.
s-

s dra-
m rved
w rst it
w and

Fig. 9. Separation of four basic test solutes in CEC with the X-Terra packing
material. Column:L= 32 cm,l = 8.5 cm and 75�m in i.d. (short-end injection
mode). Stationary phase: X-Terra RP18® (dp = 3.5�m) V = 15 kV, injec-
tion 2.5 kV, 2 s. Mobile phase: acetonitrile/ammonia buffer (50/50, 10 mM,
pH 10), SDS 10 mM. M: EOF marker; C: clozapin; D: diphenhydramin; P:
protriptylin; I: imipramin; 10a: first injection after an hydrodynamic con-
ditioning; 10b–e: successive injections without any renewal of the mobile
phase.

then it was demonstrated that a progressive degradation of the
mobile phase was responsible for these variations: when the
column was flushed (under a pressure of about 200 bars) with
fresh mobile phase, the first injection after the column condi-
tioning led to the expected retention factors and efficiencies.
The evaporation of the organic solvent was not responsible
of the observed effect since the retention factors of clozapin
(pKa = 7.5) and of another neutral retained compound (naph-
thalene) were not affected whereas the retention factors of
protriptylin and diphenhydramin dramatically decreased. It
was attributed to the electrolysis of the mobile phase at the
anodic injection, leading to the oxidation of the hydroxide
ions OH− and to a decrease of the mobile phase pH in the
inlet vial, according to the following equation:

2OH− → H2O + 1
2O2 + 2e−

This assumption was verified in CZE where protriptylin,
the solute being the more affected by the mobile phase
However, and as illustrated inFig. 9a–e, when succe
ive injections of the test solutes were implemented,
atic variations in retention and selectivities were obse
hereas the EOF velocity remained quite constant. Fi
as verified that no degradation of the solutes occurred
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Fig. 10. Effect of the mobile phase electrolysis on the electrophoretic mo-
bility of protriptylin. Fused silica capillary:L = 32 cm,l = 23.5 cm, 370�m
o.d., 50�m i.d. Mobile phase: acetonitrile/ammonia buffer (50/50, 10 mM,
pH 10), SDS 10 mM.V = 25 kV, hydrodynamic injection: 25 mbar, 2 s. (�)
With mobile phase renewal between each injection (i = 14�A); (�) without
any renewal of the mobile phase between successive injections (running time
for each injection: 10 min).

degradation, was injected several times without changing the
mobile phase buffer reservoir and the mobile phase content
of the capillary between the successive runs. At it can be
seenFig. 10, the electrophoretic mobility (i.e. ionization de-
gree) of protriptylin progressively increased during the suc-
cessive runs, whereas it remained constant when the mobile
phase buffer inlet reservoir and capillary content were hy-
drodynamically renewed between each run. Concomitantly a
slight increase of the separation current was observed (from
14 to 15.2�A) when the mobile phase was not renewed be-
tween each analysis thus confirming its partial electrolysis.
The modification of the dissociation degree consecutive to the
pH decrease, affected the solutes having a pKa value close to
the working pH thus modifying the relative contributions of
the different mechanisms responsible for the separation of
the solutes, i.e. the electromigration of the protonated com-
pounds towards the cathode, the hydrophobic interactions
with the reversed phase and the electrostatic interactions of
the cationic solutes with the anionic surfactant adsorbed onto
the stationary phase. The net effect (on the retention time
of the solute) depends on the relative contributions of these
three phenomena. Despite many attempts to avoid the dis-
astrous effect of the electrolysis on the repeatability of the
analysis (such as an increase the buffer ionic strength from
10 to 25 mM or the replacement of the ammonia buffer by
a ntra-
t this
p been
m lec-
t in
C each
a lary
c n of
t the

capillary column was right positioned (at least 4 mm below
the electrode extremity) in order to prevent zones of changed
pH generated from hydrolysis from entering the capillary it
was not possible to suppress the disastrous effect of electrol-
ysis on repeatability.

4. Conclusion

In this study, we demonstrate that the X-Terra RP18® ma-
terial specially designed for the analysis of basic compounds
in liquid chromatography may be used in CEC and in large
pH range. Although the X-Terra RP18® material does not
allow obtaining a sustainable EOF with classical hydroor-
ganic mobile phases, it is possible to increase the EOF by
adding a charged surfactant (anionic or cationic one) in the
mobile phase that adsorbs onto the surface material increas-
ing its charge density. The charge of the surfactant (cationic
or anionic), its concentration, its alkyl chain length and the
percentage of the organic modifier in the mobile phase allow
controlling the EOF in direction (cathodic or anodic EOF) and
in intensity. Moreover, it is demonstrated that in presence of
a surfactant the EOF becomes independent of the pH of the
mobile phase. It was also verified that whereas the addition
of a surfactant does not modify significantly the retention of
n ng an
o the
a peak
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CAPS or a CAPSO buffer (at the same pH and conce
ion) no significant improvement was obtained. Although
henomenon of mobile phase electrolysis has already
entioned in the literature (especially in capillary zone e

rophoresis[29]) it was demonstrated that it can be limited
ZE by changing the buffer reservoir content between
nalysis, by hydrodynamically renewing the buffer capil
ontent prior each analysis and by adjusting the positio
he capillary extremity. In CEC, although the extremity of
eutral solutes it increases the retention of species havi
pposite charge owing the electrostatic interactions with
dsorbed surfactant. High efficiencies and symmetric
hapes are attainable with basic solutes even at high
elocities. However, it was demonstrated that the hydro
f buffered hydro-organic mobile phases (50% of aqu

raction at a 10 or a 25 mM concentration) leads to a
f repeatability for solutes having a pKa close to the pH o

he mobile phase, owing to the variations of the dissocia
egree of the solutes that impair both electromigration
etention phenomena.
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